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　　　　　　　　　　　　　　　　　Chapter　I
General　Introduction
1
　Printing　is　something　wllich　can　be　seen，　perceived　with　our　eyes　and　reproduced　in
quality．　Regardless　of　the　great　number　and　variety　of　printed　products　they　a11　have　one
thing　in　co㎜。n．
　　Today’s　p血ter　owes　much　to　the　Age　of　Science，　particularly　to　electronics，
computers，　chemistry，　optics　and　mechanics．　Modem　printing　is　becoming　highly
sopllisticated．　As　new　presses，　inks，　papers，　plastics，　electronic　scanners，　lasers，　and
computer　programs　are　developed　and　other　products　of　modem　science　and　research
are　applied　to　printing，　it　is　gradually　being　transformed　fピom　an　art　to　a　science．
D曲g血e蜘ing　Pr。cess，　the　ink　is　subjected　t・she肛rates　that　c㎝閃丘。m　1α3
s”1Cin　such　areas　as　the　ink　fbuntain　and　on　the　substrate　afヒer　the　ink　is　printed，　to　more
than工05　s’1　when　ink　i　s　transferred　f｝om　the　ink　fountain　through　the　printing　unit　to　the
substrate．　The　ink　is　compressed，　stretched，　sheared，　fractUred，　and　transfヒrred　to　the
paper，　in　seconds．　To　achieve　the　printing　process　adequate　rheological　properties　are
therefbre　the　principal　prerequisite　of　inks，　The　required　rheolog三cal　conditions　are
obtained　through　a　suitable　combination　of　the　four　raw　materials　used　in　printing三nks，
which　constitute　a　colloidal　suspension：resins，　pigments，　soIvent，　and　additives［1ユ．
　　To　define　the　rheological　features　of　mo　st　p血ting　inks，　we　have　to　use　the　terms
vi　scoplastic，　shear　thiming（p　seudoplastic），　viscoelastic，　and　thixotropic、　Vi　scoelasticity
implies　the　existe皿ce　of　a　yieId　stress，　which　is　related　to　a　technic訓characteristic
ca11ed‘‘shortness’，：an　ink　is　rated　short　or　long　depending　to　how　long　a　filament　can　be
pulled　out　on　a　spatula　without　breaking［2ユ，　The　higher　the　yield　stress　is，　the　shorter
the　ink，　so　a‘“long　ink”appears　more　fluid　and　has　a　low　yield　stress［11．
　　Shear　thinning　and　viscoelasticity　are　involved　in　the　splitting　of　the　ink　between　two
rolls　operating　at　the　same　speed．　High　pressure　on　the　entrance　side　causes　a　pumpmg
action　which　fbrces　the　ink　through　the　nip　at　a　higher　rate　than　that　corresponding　to
　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　ヘ　　　　　　ロtWo　rolls　clearance，　forrning丘laments　which　elongate　and　break，　and　may　cause　mlsnng．
And　the　elongation　o　f　filaments　becomes　minimal［3］．　On　the　other　hand，　when　inks　are
　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　コnot elastic the filam．ents thin out to　long strings　befbre　parting　and　since　there　ls　no
stored　elasticity，　do　not　snap　back　to　fb］㎜smooth　printing　surfaces・In　stead　they　are
貸agmented　and血own　into　the　at［nosphere　forming　an　ink　aerosol［2］．
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1．An　introductio皿to　rh£ology　l4】
1．1Historica重perspective
　　In　1678，　Robert　Hookc　developed　hls‘‘ヱ｝・ue　Theory（）f　Elαs　ticiりy”．　He　proposed　that
‘‘狽??@power　of　any　spring　is　in　the　same　proportion　with　the　tension　thereof’，　i．e．ガンo甜
double　the　tensわnアou　double　the　extension．　This　fbrms　the　basic　premise　behind　the
theory　of　c董assica1（infinitesima1－strain）elasticity．
　　At　the　other　end　of　the　spectrum，　Isaac　Netwon　gave　at亡ention　to　liquids　and　in　the
‘‘orincipia”puもHshed　in　1687　there　appears　the　following　hypothesis　associated　with
the　steady　simple　shearing　fiow　shown　in　Fig．1：‘‘The　resistance　whichζrises　f士om　the
lack　of　slipPeriness　ofthe　parts　of　the　liquid，　other　things　being　equaI，　is　proportional　to
the　velocity　with　which　the　parts　ofthe玉iquid　are　separated　from　one　another”．
F
Fig．1Showing　two　parallel　planes，　each　of　area　A，　at　y＝Oand　y＝；d，　the
intervening　space　being　filled　with　shear　liquid．　The　upper　plane　moves　with　relative
velocityひand　the　lengths　of　the　a！rows　between　the　planes　are　proportion誕to　the
local　velocity　1）x　in　the　liquid．
L
　　This　lack　of　slipperiness　is　what　we　now　ca11‘v量scositジIt　is　synonymous　with
“intemal　f五ction”and　is　a　measure　of“resistance　to　fiow”．　The　fbrce　per　unit　area
required　to　produce　the　motion　is　F〃and　is　denotedわyσand量s　proportional　to‘the
veloc量ty　gradient’（or‘shear　rateつ　び／d，　i．e．　if　you　double　the　fbrce　you　double　the
velocity　gradient．　The　constant　of　proportionalityηis　called　the　coef且cient　ofviscosity・
i．e．
σ＝ηu／d． （1）
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（lt　is　usual　to　write　V　forσ／dthe　shear　rate；see　the　Glossary．）
Glycerine鋤d　water釦・e　cornmon　liquids　that　obey　NeWton’s　postUlate．　For　glyce血e，
the　viscosity　in　SI　units　is　ofthe　order　of　l　P＆・s，　whereas　the　viscosity　of　water　is　about
lmPa・s，　i，e．　one　thousand　times　less　viscous．
　　Now　although　Newton　introduced　his　ideas量n　1687，　it　was　not　until　the　nineteenth．
centufy　that　Navier　and　Stokes　independently　developed　a　consistent　three－dimensional
theory　fbr　what　is　now　called　a　Newtonian　viscous　liquid．　The　goveming　equations　f〈）r
such　a　fluid　are　called　the　Navier－Stokes　equations．
　　For　the　simple　shear　illustrated　in　Fig．1，　a‘shear　stress’σ　results　in‘flow’．　In　the
case　of　a　Newtonian　liquid，　the　fiow　persists　as　Iong　as　the　stress　is　applied、　In　contrast，
fbr　a　Hookean　solid，　a　shear　stress　σ　apPlied　to　the　surface　y＝　d　resu王ts　in　an
instan伽eous　deibrmation　as　shown　in　Fig．2．　Once血e　deformed　state　i　s　reached　there
is　Ilo　fUrther　movement，　but　the　defbrmed　state　persists　as　long　as　the　stress　is　applied．
　　The　angleγis　called　the‘strain’and　the　relevant‘constitutive　equation’is
σ＝Gγ
　　　　　　　，
（2）
Where　G　i　s　referred　to　as　the‘rigidity　modulus’．
γ
x
y
σ x
Fig．2The　result　of　the　application　of　a　shear　stress　σ　to　a　block　of　I｛ookean　so正id
（shown　in　section）．　On　the　application　of　the　stress　the　material　sect童on　ABCD　is
deformed　and　becomes　A’B℃’D’
　　Three　hundred　years　ago　everything　may　have　appeared　decept量vely　simple　to　Hooke
and　Newton，　and　indeed　for　two　centuries　everyone　was　satisfied　with　Hooke’s　Law　fbr
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solids　and　Newton’s　Law　for　Liquids．　ln　the　case　of正iquids，　Newton’s　law　was㎞own
to　work　well　for　some　common　liquids　and　people　probably　assuJ　ned　that　it　was　a
universal　Iaw　Iike　his　more　famous　law　about　gravitation　and　motion．　It　was　in　the
nineteenth　century　that　scientists　began　to　have　doubts（see　the　review　article　by
Markovitz（1968）for　fU1ler　details）．　In　1835，　Wilhelm　Weber　canied　out　experiments　on
silk　threads　a皿d　found　out　that　they　were　not　perfectly　e正astic．‘‘A　longitudinal　load”，　he
wr℃te，“垂窒盾р浮モ?хpi㎜ediate　extension．　This　was　followed　by　a　fUrther　lengthening
With　time．　On　removal　o　f　the正oad　an　immediate　c。ntraction　took　place，　followed　by　a
gradual　fUrther　decrease　in　length　until　the　original　length　was　reached，，．　Here　we　have　a
solid－like　material，　whose　behaviour　c　annot　be　described　by　Hooke’s　law　alone．　There
are　elements　of　flow　in　the　described　deformation　pattern，　which　are　clearly　associated
more　with　a　liquid－1ike　respoエlse．　We　shall　later　introduce　the　te㎜‘viscoelasitsitゾto
describe　such　behaviour．
　　The　defnition　of　rheology　already　given　would　allow　a　stUdy　of　the　b　ehaviour　of　a　ll
matter，　including　the　classical　extremes　of　Hookean　elastic　solids　and　Netonia皿viscous
liquids．　However，　these　classical　extremes　are　illvariably　viewed　as　being　outside　the
scope　of　rheolo9）r．　So，　fbr　exaInple，　Newtonian　プZuid　mechanics　based　on　the
Navier－Stokes　equations　is　not　regared　as　a　branch　of　rheology　and　neither　is　classical
elasticめノtheoリノ．　The　over－riding　concem　is　therefbre　with　IIlaterials　between　these
classical　extremes，1ike　Weber’s　siik　threads　and　Maxwell’s　e正astic　fluids．
1．2　The　Kelvin　and　Maxwell　models
　　We　now　consider　some　important　special　cases　of　a　general　differental　equation　for
linear　viscoelasticity［4］．　Ifβo　is　the　only　non－zero　parameter，　we　have
σ・＝β。γ， （3）
which　is　the　equation　of　Hookean　elasticity（i．e．　IinLear　solid　behavior）withβo　as‡he
rigidity　moduIus．　Ifβ1　is　the　only　non－zero　parameter，　we　have
一β1箒 （4）
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or
σ＝＝βi予． （5）
in　our　notation．　This　represents　Newtonian　viscous　flow，　the　consta皿tβ1　being・血e
coefflcient　ofviscosity．
　　Ifβo（＝σ）andβ1（＝η）are　both　non－zero，　whilst　the　other　constants　are　zero，　we
have
σ＝Gγ十η予， （6）
which　is　one　of　the　simplest　models　of　viscoelasticity　It　is　called　the‘Kelvin　mode1’，
although　the　name‘Voigt’is　also　used．　If　a　stressδ　is　suddenly　apPIied　at　t＝Oand　held
constant　therafter，　it　i　s　easy　to　show　that，　for　the　Kelvin　model，
γ一（δ／の【1－exp（－t／7K）1， （7）
1・O
7G／｛テ
0 ア’me
HOOKE　MODEL
Fig．3Growth．　of　strain　Y　fbllowing　the　application　of　stressσat　time　t＝Ofor　a
Kelvin　model　and　Hooke　model．
where　rK　has　been　written　for　the　ratio　n／G．　It　has　the　dimension　of　time　and　contro　ls
the　rate　of　growth　of　strainγfb正10Wing　the　imposition　of　the　stress　a・Figure　3　shows　the
development　of　the　dimensienless　9roup　y　G／3　diagrammatically．　The　equilibrium　value
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ofYis～ヲ／G；hence　YG／δ＝1，　wh圭ch　is　also　the　va玉ue　fbr　the　Hooke　modeL　The
difference　between　the　two　model　is　that，　whereas　the　Hooke　model　reaches　its　final
value　of　strain‘‘instantaneouslジ，　in　the　Kelvin　model　the　strain圭s　retarded．　The　time
constant　rK　is　accordingly　called　the‘retardation　time’．　The　wo　rd　instantaneous1y　is　put
in　quotation　marks　because　in　practice　the　strain　cou正d　not　possibly　grow　in　zero　time
even　in　a　perfectly　elastic　solid，　because　the　stress　wave　travels　at　the　speed　of　sound，
thus　giving　rise　to　a　delay．
　　It　is　usefUl　at　this　stage　to量ntroduce‘‘mechanica正models”，　which　provide　a　popu圭ar
method　of　describing　linear　viscoelastic　behaviour．　These　one－dimensional　mechanical
models　consist　of　springs　and　dashpots　so　arranged，　in　paraIled　or　in　series，　that　the
overall　system　behaves　analogously　to　a　real　materia1，　although　the　elements　themselves
may　have　no　direct　analogues　in　the　actual　material．　The　correspondence　between　the
behaviour　of　a　model　and　a　real　material　can　be　achieved　if　the　diiiferential　equation
relating　fbrce，　extension　and　time　fbr　the　model　is　the　same　as　that　Ielating　stress，　strain
and　time　fbr　the　materia1，　i．e．　this　method　is　equivalent　to　writing　down　a　differential
equation　relating　stress　and　strain，　but　it　has　a　practical　advantage　in　that　the　main
features　of　the　behaviour　of　a　material　can　often　be　inferred　by　inspectionL　of　the
appropriate　model，　without　going　into　the　mathematics　in　detaiL
’σノ rb　1
Fig．4Diagraエ皿皿atic　representations　of　ideal　rheological　behaviour：（a）The
Hookean　spring；（b）The　Newtonian　dashpot
ln　mechanical　models，　Hookean　deformation　is　represented　by　a　spring（i．e．　an
element　in　which　the　fbrce　is　proportional　to　the　extension）and　Newtonian　fiow　by　a
dashpot（i．e．　and　element　in　which　the　force　is　proportional　to　the　rate　of　extension）as
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shown　in　Fig．4．　The　analogous　rheological　equatiolls　for　the　spring　and　the　dashpot　are
（4）（withβo＝G）and（5）（withβ1＝η），　respectively．　The　behaviour　of　more　complicated
materials　is　described　by　connecting　the　basic　elements　in　series　or　in　paralle1．
σ
極θ　　　　　　　η 叫
toノ
カ
tbノ
・η
Fig．5The　simplest　linear　viscoelastic　models：（a）The　Kelvin　model；（b）The
Maxwell　model．
　　The　Kelvin　model　resUlts　from　a　paralle1　combination　of　a　spring　and　a　dashpot（Fig．
5（a））．Arequirement　on　the　interpretation　of　this　and　all　similar　diagrams　is　that　the
horizontal　connectors　remain　parallel　at　al1　times．　Hence　the　extensi　on（strain）in血e
spring　is　at　all　times　equal　to　the　extension（strain）in　the　dashpot　Then　it　is　possible　to
set　up　a　balance　equation　fbr　the　fbrces（stresses）acting　on　a　connector．　The　last　step　is
to　write　the　resulting　equation　in　temls　of　stresses　and　strains．　Hence，　fbr　the　Kelvin
model　the　tgta　1　stressσis　equal　to　the　sum　of　the　stresses　in　each　element．　Therefbre
σ＝σE十σV （8）
in　the　obvious　notation，　and　us　ing　eqns．（3）and（4）（with　po　＝　G　and　p　i＝η）we　have
σ扁GY＋η宇． （9）
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Th｛s　is　identical　to　eqn．（6），　wllich　was　a　very　simple　case　of　the　general　linear
diffbrential　equ．ation［4］．　It　is　readily　seen　from　the　diagram　of　the　Kelvinエnodel　that
after　sudden　imposition　of　a　shear　stressδ，　the　spring　will　eventually　reach　the　strain
given　byδ／G，　but　that　the　dashpot　will　retard　the　growth　of　the　strain　and，the　higher
the　viscosity，　the　slower　will　be　the　response．
　　Another　vely　simple　model　is　the　so－ca11ed‘Maxwell　modeP＊．　The　differential
equation　fbr　the　model　is　obtained　by　maldn．gα1　andβl　the　only　non－zero　material
parameters，　so　that
　　　　　　　コ　　　　　　　　　　るσ＋TMσ＝ηγ， （10）
where　we　have　writtenα王：　t　M　and　B　iニη
　　If　a　particular　strain　rate「F　is　suddenly　appIied　at　t＝Oand　held　at　that　value　fbr
subsequent　times，　we　can　show　that，　fbr’＞0，
σ　＝・　nY［1－exp（－t／TM）】， （11）
which　irnplies　that　on　start－up　of　shear，　the　stress　growth　is　delayed；the　time　constant　in
tliis　case　is　rM．　On　the　other　hand，　if　a　strain　rate　which　has　had　a　constant　value　7　for　t＜
O　is　suddenly　removed　at　t＝0，　we　can　show　that，　for　t≧0，
σ・・ηYexp←i／↑M）． （12）
Hence　the　stress　relaxes　exponentially丘om　its　equilibrium　value　to　zero（see　Fig．6）．
The　rate　constantτM　is　called止e‘relaxation　time’．
　　The　pictorial　Maxwell　model　is　a　sprlng　connected　in　series　with　a　dashpot（see　Fig・
5（b））．In　this　case，　the　strains，　or　equally　strain－rates，　are　additive；hence　the　total　rate　of
shear　Y　i　s　the　sum　of　the　rates　of　shear　of　the　tWo　e正ements・Thus
予＝予E＋Vv， （13）
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1・0
0
Time
Fig．6　Decay　of　stre　ss　6　folloWing　the　cessation　of　steady　shear　at　time　t　＝　O　for　a
Maxwell　model，　whereσ。＝ηY．
，which　leads　to
σ一η
十
δ否
諸
．γ
（14）
or，　after　rearrangement，
　　　　　　　■　　　　　　　　　　　　　σ＋TMσ　＝＝　nγ， （15）
in　which巧vi　has　been　written　fbrη／G．　This　equation　is　the　same　as　eqn．（10）which
arose　as　a　special　case　of　the　general　differenti　al　equation・
　　The　next　level　of　complexity　in　the　linear　viscoelastic　scheme　is　to　make　three　of　the
material　parameters　of　the　general　linear　differential　equation［4］non　zero．　IfαLβ1　and
β2are　taken　to　be　non－zero　we　have　the“Jefferys　model’，．　In　the　present　notation，　the
　　　　ロ　　　　　　　　　　equat10111S
σ＋TMd　＝＝　n（’IP　＋　TJ　’V）， （16）
which　has　tWo　time　constants　r　M　and　rJ．　With　a　suitable　choice　of　the　three　model
parameters　it　is　possible　to　constnlct　two　alternative　spring－dashpot　models　which
correspond　to　the　same　rnechanical　behaviour　as　eqn．（16）．　One　is　a　simple　extension　of
the　Kelvin　model　and　the　other　a　simple　extension　of　the　Maxwell　model　as　showrt　in
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Fig．7．
η
ηrJ
πゼ乃
ntrM－TJ　I
ηTJ
taノ
TM－「J
rb／
ηrrM－rJ　l
Fig．7Spring－dashpot　equivalents　of　the　Jeflireys　model．　The　values　of　the　constants
of　the　elements　are　given　in　terms　of　the　three　material　parameters　of　the　mode1
（eqn．16）
rσノ
η3／λ3
tbノ
η4／λ4
‘
η
Fig．8The　Burgers　model（a）and（b）are　equivalent　representations　of　this
4－parameter　1inear　model．
　　We　note　With　interest　that　an　equation　of　the　fbrm（16）was　derived　mathematically
by　Fr6hlich　and　Sack（1946）fbr　a　dilute　suspension　of　solid　elastic　spheres　in　a　viscous
liquid，　and　by　Oldroyd（1953）for　a　dilute　emulsion　of　one　incompressible　viscous
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1iquid　in　another．　NVhen　the　effect　of　interfacial　slipPing　is　taken量nto　account　in　the
dilute　suspension　case，　Oldroyd（1953）showed　that　tWo　ftnrther　non－zero　parameter（α2
alldβ2）are　involved．
　　Finally，　in　this　preliminary　discussion　ofthe　successive　build－up　ofmodel　complexity，
we　draw　attentioll　to　the　so－called“Burgers　model”．　This量nvolves　fbur　simple　elements
and　takes　the　mechanically－equivalent　for　ms　shown　in　Fig．8．
In　terms。f　the　parameters　of　Maxwel1　type　representation（Fig．8（b）），　the　associated
constitUtive　equation　for　the　Burgers　mode正has　the　form
σ＋（λ3＋λ4）6＋λ3λ4δ冒（η3＋η4）予＋（λ4η3＋λ3η4）Y．（17）
h面sequation血e㎏肛e　time　const㎝ts，　the　s蜘1λbeing　a㎞ost　as　co㎜on　as珈
the　rheological　litrature．
1．30scillatory　shear
　　It　is　instructive　to　discuss　the　response　of　viscoelastic　materials　to　a　small－amplitude
。scillatory　shear，　since　this　is　a　popu1鑓defb㎜ation　mode伽investigating　linea
viscoelastic　behaviour．
　　Let
γ（〆）＝γoexp（iω〆）， （18）
where，1＝寸：了，ωis　the　frequency　and　yo　is　a　strain　amplitUde　which　is　small　enough
for　the　linearity　constraint　to　be　sati　sfied．　The　corre　sponding　strain　rate　is　given　by
予（〆）＝iωYo　exp（iω〆），
and，　if　this　is　substituded　into　the　general　l皿tegral　equation　［4］，　we　obtain
σ（t）－iωγ・exp（iω∫）Xole°φ（ξ）exp（－iωξ）d6・
ln　oscillatory　shear　we　define　a‘complex　shear　mo　dulus’　G＊，　thrrough　the　equation
（19）
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σω一G＊（ω）Y（！） （20）
and，　from　eqns．（18），（19）and（20），　we　see　that
G＊（ω）・一　itu　！o°°φ（ξ）exp（一一　iωξ）dξ・
（21）
　　り　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　のIt　i　S　CUStOmaty　tO　Wrlte
（≡；＊　＝　（］’＋i（｝” （22）
εmd　G’and　G”are　referred　to　as　the‘storage　modulus’and‘loss　modulus’，　respectively．
G’is　also　calIed　the　dynamic　rigidity．　If　we　now　consider，　for　the　purpose　of　illustration，
the　special　case　of　the　Maxwell　model　given　by　eqn．（10）or　eqn．（15）（With　t　M＝のwe
can　show　that
σ＊一 A鴇7・・raltematively　C＊一、’睾｛墓↑・　（23）
and
G’一脚2C。i　alternativelyσ’－Gω272，　　（24）
　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　1＋ω2丁2　　　　　　　1十ω2～
σ〃＿　ηω　，・r　alternatively
　　　　　　1十ω2丁2
G〃－Gω丁．
　　　　　　1十ω2r2
（25）
　　To　some　readers，　the　use　of　th．e　complex　quantity　exp（iωf）to　represent　osciIlatory
motion　may　be　unfarniliar．　The　altemative　procedure　is　to　use　the　more　obvious　wave
forms　represented　by　the　sine　and　cosine　fUnctions，　and　we　now　illustrate　the　procedu・re
for　the　simple　Maxwell　mode1．
　　Let
γ＝Yo　COS（Dt， （26）
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Thus，　the　strain　rate　is
　　　　　　　　　　　せ予誠一γ0ωsmωt， （27）
aiid　if　this　is　substituted　into　the　equation　fbr　the　Maxwell　model，　a　first　order　linear
differential　equation　is　obtained，　with　solution
σ一
i、響奪2）（ω↑c・sω’－sinω∫）・
（28）
The　part　ef　the　stress　in∫phase　with　the　applied　strain　i　s　obtained　by　putting　sintot　equal
to　zero　and　is　written　G’γ．　The　part　of　the　stress　which　is　out　of　phase　with　the　applied
strain　is　obtained　by　setting　cosω’equal　to　zero　and　is　written（G”／ω）γ．
G・．，，η丁ω2
C
　　　　　1十ω2T2
（29）
G〃＝＝　　ηω　　，
　　　　　　1十ω2丁2
（30）
in　agreement　with（24）and（25）＆s　expected．
　　Retuming　now　to　the　more　convenient　complex　representation　of　the　oscillatory
motion，　we　remaエk　that　as　an＆ltemative　to　the　complex　shear　modulus，　we　can　define
‘complex　viscositゾη＊，　as　the　rat三〇〇f　the　shear　stressσto　the　rate　of　shearγ・
Thus
σω一η＊予ω， （31）
　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　and it fb　llows that， for the general　integral　representation，
η＊（ω）＝＝　f。e°φ（ξ）exp（－iωξ）dξ・
（32）
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　　　　　　　　　コWe　now　wrlte
η＊　＝＝ηt　－』iη！ノ　， （33）
110t圭ng　thatη’is　usually　given　tlle　na皿e‘dynamic　viscosity’．　The　parameterτ1’つhas　no
special　name　but　it　is　related　to　the　dynamic　rigidity　through　G’＝＝　n”ω．　It　is　also　easy　to
deduce　that　Gラ’＝η’ω．
　　It　is　conventional　to　plot　results　of　oscillatory　tests　ill　terms　of　the　dynamic　viscosity
η’and醜dy皿㎜ic　rigidity　G’．　Fig鵬9sh。ws　plots　of　the　normalized　dynamic
釦nctions　of　the　Maxwell　model　as　functions　ofωτ，　the　no㎜allzed，　or　reduced，
frequency．　The　notable　features　are　the　considerable　fall　in　no㎜alizedη’and　the
comparable　rise　in　normalize　G’　which　occur　together　over　a　relatively　na：Tow　range　of
frequency　centered　onωτ＝1．　The　changes　in　these　ftmctions　are　virt1ユally　complete　in
two　decades　of　f士equency．　These　two　decades　mark　the　viscoelastic　zone．　Also，　in　the
many　decades　of　frequency　that　are，　in　principle，　accessible　on　the　low　frequency　s量de
of　the　relaxation　region，　the　model　displays　a　viscous　response（G’－O）．　In　contrast，　at
high　f士equen．cies，　the　response　is　elastic（η，～0）．　From　Fig．9，　the　significance　of　r　as　a
characteristic　natural　time　fbr　the　Maxwell　model　is　clear．
i・O
ηγη σ1／6
Uンσ
一7・0 0 1つ
’ogωτ
Fig．9　The　Maxwell　model　in　oscillatory　shear，　Variation　of　the　normalized　moduli
and　viscosity　with　normalized　frequency（r＝η／G）
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Ill　the　literature，　other　I皿ethods　of　character量zing　linear　vicoelastic　behaviour　are　to　be
fbu皿d．　For　example，　it　is　possible　to　define　a　‘complex　shear　compliance’」＊．
γ（r）一ノ＊（ω）σ（t） （34）
in　an　oscillatoly　shear，　with
ノ＊＝ノ㌧iJ” （3．5）
It　is　iMportatlt　to　note　that，　although　J＊＝1／G＊，　the　components　are　not　similarly
related．　Thus，ア≠ユ／G’a血d　2，≠1／G”．
The　second　alternative　method　of　characterizing　linear　viscoelastic　response　is　to　plot
G’　and　the‘loss　angle’δ．　In　this　method，　it　is　assumed　that　for　an　applied　oscil1at。エy
strain　given　by　eqn．（18），　the　stress　will　have　a　similar　fbm1，　but　its　phase　will　be　in
advance　of　the　strain　by　an　allgleδ．　Then，
σ（t）一σ。exp［i（CDt＋δ）1． （36）
It　i　s　not　difficult　to　show　that
tanδ一G”^G’． （37）
　　Figure　10　shows　howδand　Gう／G（where　G＝ガη）vary　with　the　normalized　frequency
for　the　Maxwell　model．　At　high　values　of　fヒequency，　the　response，　as　already　noted・is
that　of　an　elastic　soIid．　In　these　conditions　the　stress　is　in　phase　with　the　apPlied　strain・
On　the　other　hand，　at　vary　low　frequencies，　where　the　response　is　that　of　a　viscous
liquid，　the　stress　is　90°ahead　of　the　strain．　The　change　f｝om　elastic　to　viscous　behaviour
takes　place　over　about　two　decades　of　f吟quenc￥This　latter　observation　has　already
been　noted　in　connection　with　Fig．9．　In　Fig．3．11，　we　show　the　wave－fornls　fbr　the
osci11atory　inputs　and　outputs．　Figure　3．11（a）　represents　and　experiment　in　廿1e
viscoelastic　region．　Figure　3．11（b）represents　very　high　and　very　low　f廿equency
behaviour　where　the　angleδis　Oe　or　90°，respectiveIy・
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1・O
一’・0 　　0
’09ωτ
1・0
Fig．10　The　Maxwell　model　in　oscillatory　shear，
modulus　and　phase　angle　with　normalized　frequency．
Var ation　of　the　normalized
為％／／7σ
1・o
0
一1・0
吻吻
1・0
0
一7・O
騨
研五
瞬万
Fig．11　Wave－forms　for　oscillatory　strain　input　and　stress　output：（a）Solid　line
（　　　　）strain　according　to　eqns．（18）and（26）；dashed　line（一一一一）stress　in　advance
by　angleδ，　according　to　eqn．（3（i）；（b）Solid　line（　　　　）strain　illput　atld　also　stress
output　fbr　eIastic　behaviour；dotted　line（・・…　）stress　output　fbr　viscous　behaviour・
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Note　that　although　the　stress　i　s　90°in　advance　of　the　shear　strain　for　the　viseous　liquid，
it　is　in　phase　with　the　rate　of　shear．
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2．Basics　of　the　ink
2．1Dispersed　solid　phase
　　With　the　exceptioIl　of　some　writing　inks　and　inks　used　on　plastics，　vi1加ally　alI
printing　inks　are　based　on　dispersed　pigments，　not　dissolved　dyesJn　the　black　i虹ks，　the
dispersed　phase　is　almo　st　invariably　carbon　black　of　different　average　partiole　sizes　and
physical　s蜘ctures・CoIored　pigments　are　selected　fblm　a　large　variety　of　organic　or
inorganic　materials．　Pigments　are　usually　selected　on　the　basis　of　cost　and　quality
（optical　properties，　light－fastness，　etc・），　although　they　also　contribute　to　the　rheolo9圭cal
properties　ofthe　ink・
2，2Polymers
　　Ink　polymers　serve　several　purposes．　Their　principal　purpose　is　to　contribute　to　the
丘nal　gloss　and　abrasion／rub　resistance　of　the　ink　f玉lm　on　the　surface　of　material　into
printing．　Dissolved　polymer　resins　also　control　the　rheological　properties　of　the　ink
through　the　press　and　onto　tlle　su］〔face　of　printing　medium・And　help　to　control　the
ink／waterもalance　on　the　press．　PoIymer　dissolved　in　a　solvent，　or　an　oIigomer　by　itself，
make　up　the　ink　maker’s‘vanish’．
2．3Liquid　phase
Perhaps　the　m・st　im聯㎜t脚・f　the　i1虫is　the　liq岨d　phase　in繭ch・止er
ingredients　are　dissolved　and／or　dispersed．　The　choice　of　vehicle　dete㎜ines　the
ink－setting　mechanlsm．　The　vehicle　may　be　a　non－drying　mineral　oil，　a　volatile　solvent
or　a　haldening　vehicle．　The　vehic正e　also　contributes　to　the　rheological　properties　of　the
云nk．
2．40ther　ingredients
　　Ink　contains　a　small　concentration　of　miscellaneous　additives．　Conユmon　additives
include：dispersants；anti－oxidants；waxes，　toner　dyes；gelling　agents，　ete．
2．51r敗一setting　Processes　of　the　polym、erization
　　This　type　of　ink　setting　is　based　on廿1e　oxidative　polymerization　of　linseed　oil　or
linseed　oil　alkyds，　or　on　the　UV　or　electron　beam－initiated　polymerization　of　a　monomer．
OXidative　P・lymerizati・n　is　a倉ee－radical　pr・cess　in　wl廿ch　catalysts（‘dryers’）such　as
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cobalt　naphthenates　or　other　metal　soaps　accelerate　the　polymerization．
　　With　oxidative　polymerization　irtks，　which　may　’take　several　hours　to　set　fU11　hardness，
it　is　usual　to　illclude　a　low－viscosity　component　in　the　ilik　vehicle　in　order　to　cause　a
rapid　buildup　of　surface　tack　within　a　few　seconds　of　the　impression・Thpse　a　re　known
as　quickset　ink・
　　UV　iiiks　polymerize　rapidly　a　nd　give　off　virtually　no　volatile　emissions．　p血t　quality
and　gloss　are　both　very　high　and　the　inks　are　generally　used　only　f（〕r　the　highest　quality
WOrk．
3．Rheology　of　polymer　liquids
3．1General　behavior［4］
The　generic　te㎜“polymeric　liquids”　can　be　vlewed　as　including　a　spectrurn　of
possibiiities，　ranging　from　mobile　systems　Iike　very　dilute　polymer　solutions，　through
the　concentrated　solution　regime　to　stiff　systems　Iike　polymer　melts．　The　wide　diversity
of　observed　phenomena　is　attributable　to　the　long　chain　mo　lecules，　which　are　a　unique
characteristic　of　polymers．　The　length　of　the　chain　is　the　main　factor　determining　the
rheology，　although　many　other　factors　are　also　irぱ1uential，　as　we　shall　indicate．
　　A　long　chain　will　occupy　a　great　deal　of　space　compared　to　its　atomic　dimension．　The
possibility。f　polymer　molecules　lining　together，　either　temporarily　by　intermolecular
fbrces　or　more　pemmanently　by　chemical　cross　Iir［1dng　increases　still　fUrther　the　space
over　wh量ch　the　influence　of　an　ind三vidual　molecule　is　fe重t．　If　the　polymer　chain　is　long
enough，　the　intermolecu正ar　association㎞own　as　entanglement　occurs．　The　entangled
polymer，　whether　in　the　molten　state　or　in　non－dilute　solution，　gives　rise　to　tl　te　effects　of
high　elasticity，　such　as　normal　stresses　and　high　extensional　viscosity・
　　Interchain　junctions　are　certainly　possible　fbr　polymers　with　associating　fUnctionaI
groups　when　chains　find　themselves　near　one　another　in　space．　It　is　less　clear　how　these
junctions　would　exist　among　charged　micelles　that　have　no　specific　interactinLg　groups．
Of　course，　micelles　can　become　attractive　just　like　any　other　colloidal　particles　if　they
have　oveTcome　the　e正ectric　double－layer　repulsion　to　come　very　close　to　each　other・
Existing　trans三ent　network　models　are　designed　to　describe　polymeric　systems　with
temporary　j　unctions．（Fig．11）
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　　If　associating　Polymer　or　micellar　chains　fbrm　a　transient　network　in　solution　with　no
free　chains　in　the　qUiescent　state，　then　a　shear且ow　field　acts　only　to　defoim　the　network
and　to　tear　it　apart　a重high　shear　by　producingプ陀召chains．　This　leads　to　shear　thin1ユing
and　is　what　hapPens　at　high　concentrations［5］．
Fig．11　Schematic　representation　of　a　transient　network　made　up　of　effective，　f士ee，
and　dangling　chains．　The　dangling　end　is　indicated　by血e　open　circle．
3．2　Effect　of　temperature　on　polymer　rheology［4】
　　It　is　now　instructive　to　consider　the　changes　which　can　occur　in　a　given　polymer
systern　when　a　variable　parameter　is　sca皿ned　over　a　range．　As　a　first　example，　we　take　a
thermoplastic　polymer　and　change　the　temperature、
　　At　temperatures　well　above　the　melting　Point　Tm，　the　polyrner　is　a　liquid　with　a
measurable（shear－thit皿ing）viscosity．　It　is　possible　tQ　observe　no］㎜al　stresses　in　simple
shear　flow　and　also　relatively　high　extensional　viscosities，　which　indicate　that　tlle　rnelt
ヤ　　　　　　　　　コ1s　vlscoelastic．
As　the　tempera雄e　is　reduced’撃?@visc。sity　increases　rapidly　and　the　elasticity
becomes　more　evldent．　In　this　state　tlle　melt　disp！ays　a　pronounced　elas廿c　recovery
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且℃1皿adefbnγlation・It　is　th三s　ability　to　recover　fヒ01皿large　defbrmations　that　justifies　the
descr量ption　oftlle　behaviour　as‘high　elastic’．
　　Some　polymers　do　not　clystallize　but　continue　to　increase　in　viscosity，　eventually　to
fornl　a　glass・Polystrene　is　an　exam・ple　of　a　non－crystalliz三ng　polymer．　The　glass
transition　is　not　a　wel1－defined　change　of　state　and　depends　on　tlle　method　of
measurernent．　It　is　not　accompanied　by　a　latent－heat　change．　Some　liquid－state　theories
ass。ciate　the　glass　transition　temperature　Tg　with　the　attainment。f　a脚icul飢・value。f
the　free　volume・Since　free　volume　and　viscosity　are　cl。sely　related　at　high　viscosities，
Tg　has　also　been　associated　with　the　attainment。f　a　certain　viscosity，　which　has　a　value
of　about　l　O置2　Pa・s．
3．3　Effect　ofmolecular　weight　on　polymer　rheology［4］
　　The　monomer，　and　molecules　containing　just　a　few　monomer　units，　are
indistinguishable（rheologically）from　small－molecule　liquids，　but　at　a　nd　above　a　certain
Iength，　the　molecules　become　polymeric．　In　very　high－f士equency　oscillatory
experiments，　Lamb　and　his　coworkers　fbund　no　evidence　ofpolymeric　modes　of　motion
in　chains　of　polystyrene　and　other　monomers　less　than　eleven　monomer　units　longs．1皿
samples　of　greater　chain　length　than　this，　they　observed　pol｝㎜eric　behavior［5］．
　　The　zero－shear　viscosity　of　the　melt　increases　as　M　l’o，　where、lt4　is　the　molecular
weight．　With　a　fU！ri［her　increase　in　M，　no　varies　as　M　3’4．　The　change　in　the　slope　of　the
（ηo，M）curve　is　reasonably　sudden　and　can　be　identified　with　a　critical　molecular
weight　denoted　by　Mc．　Some　representative　graphs　taken　from　the　extensive　work　of
Berry　and　Fox［6］and　quoted　by　Ferry［7］．
　　The　melts　in　the　region　above　the　critica工molecular　weight　are　highly　elastic．　It　is
thought　that　the　change　in　M－dependence　is　the　result　of　the　fol　mation　of　entanglenlents
between　molecules．　Entanglements　are　not　merely　the　overlapPing　of　a（lj　acent
molecules，　since　overlapPing　occurs　at　quite　low　molecular　weight．　Rather，
entanglements　are　strong　couplings，　whose　details　are　1argely　unresolved．　B　u．t　which　aot
ln　a　localized　manner　like　chemical　cross－1inks　between　molecules．
3・4Effect　of　concentration　of　the　rheology　ofpolymer　solution［4］
　　We　rlow　consider　the　example　of　a　polymer　in　solution．　The　polymer　a皿d　solvent
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chosen　are　such　that，　at　very　low　concentrations，　there　is　no　strong　interaction　between
polyrner　molecules・In　this　region，　physica1　properties　ohange　in　direot　proportion　to　the
concentration　c．　As　the　colユcentration　is　increased，　the圭ncrement　in　viscosity　over　that
ofthe　solvent　increas　e　at　a　faster　rate・Ultimately　there　may　be　a　change　to　a　regime　in
which　the　viscosity　varies　as　c3　or　even　higher　powers．　The　example　of　some　data　shows
an　increase　in　slope　from　1．5　to　4［8］．　The　transition　is　associated　with　the　formation　of
entanglements，　as　happens　in　a　melt　above　Mc．　lt　follows　that　the　polymer　i　1　solution
must　be　capable　of　forming　entanglements，　hence血e　m。iecular　weight　must　be　higher
than　Mc　fbr　the　strong　concentration－dependence　to　occur，　In　this　region　the　solution
properties　are　very　similar　to　those　ofthe　melt，　namely　strongly　viscoelastic．
　　A　us　efU1　parameter　which　has　been　found　helpfUl　when　making　comparisons　between
different　polymers　in　so三ution　is　the　so－called‘‘reduced　concentration’，．　This　is　the
product　of　concentration　and‘intrinsic　viscosity’，　c［η］，　and　is　therefbre　dimensionless．
Elastic　effects　achieve　prominence　when　c［η］attains　a　value　in　the　range　5　to　10，　and
develop　very　rapidly　with　fUrther　increases　in　the　parameter．
35polynユer　gels［41
　　Polymer　gel　is　generally　a　solution　in　which　the　chains　are　cross－1inked　by　a　more
pemユanent　means　that　mere　physical　entanglements．　The　cross－links　may　be　chemical
bonds　of　the　type　used　to　vulcanize　or　harden　rubbers．　Altematively，　they　may　be
crystalline　regions　liliked　by　chains　which　pass　through　more　than　one　of　these　regions、
The　latter　process　is　the　same　as　that　which　occurs　in　solid　sernj－crystalline　polymers．　A
rather　different　forrn　of　ge1　structure　is　obtained　by　adding　high　concentrations　of　smalI
solid　particles　such　as　carbon　black　to　a　polymer　melt　or　concentrat量on　solution．　In　such
system，　the　stnlcture　is　fb㎜ed　by　ch撮n　of　the脚icles，田though　the　formation　of
polymer　bridges　by　adsorption　on　adj　acent　particles　is　an　additional　possibility．
A　gel　can　be　formed　in　solution　in　two　ways：either　by　cont＆cting　the　cr。ss－1iked
solid　with　a　suitable　solvent，　which　is　then　taken　up　by　the　solid　by　the　process　of
swelling，　or　by　cross－lhiking　molecules　already　in　solution．　Many　natural　products，　such
as　gelatin，　form　gels　of　the　Iatter　t）TPe．
　　Gel　may　be　regarded　as‘soft　soHd’with　a　wide　range　of　elastic　modulus　depending
on　the　extent　of　cross－linking．
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　　It　is　of　interest　that　the　particle－filled　polymer　gel，　although　having　a　high　shear
viscosity　at　low　shear　rates　may　have　a　relatively　low　extensiona1　viscosity．
4．Rheology　of　s“spension
　　The　rheology　of　suspensions　has　been　subject　of　serious　research　fbr　many　years，
mainly　because　of　its　o『bvious　importance　in　a　wide　range　of　industrial　apPlications．
　　The　factor　controlling　the　details　of　the　general　flow　curve　in　particular　cases　will
now　be　considered．　One　point　worth　stressing　here　is　that　the　re玉evant　measure　of　the
amou皿t　of　material　suspended　in　the　liquid　is　that　fraction　of　space　of　the　total
suspensi。n　that　is　occupied　by　the　suspended　material．　We　call　this　the　phase　volume
φ．This　is血e　volume－per－volume　fraction，　and　n。t止e　weight－per－weigh愉action　that
is　often　used　in　dcfining　concentration．　The　reason　why　phase　vo　lume　is　so　important　is
that　the　rheology　depends　to　a　great　extent　on　the　hydrodynamic　fbrces，　which　act　on
the　surface　of　particles　or　aggregates　of　particles，　generalIy　irrespective　of　the　particle
density、
D
Fig．12　S　chematic　representation　of　a　chain　coufi　guration　bridging　two　surfaces・　The
bridges　are　formed　by　section　AB　and　CD　of　the　chain・
　　The　con血gurational　structure　of　a　chain　adsorbed　on　a　suj〔face　is　significantly
modified　by　the　apProach　of　a　second　surface．　A　most　important　aspect　of　this
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modification　concems　the　forrnation　of　“bridges”spanning　the　tw。　surfaces．　Figure　12
depicts　a　typical　bridg圭ng　configuration，　tlle　brldges　being　fomユed　by　sections　AB　and
CD　of　the　chain．　Other　fea加res　of　the　conf1guration，　namely　trains，100ps　and　ta量ls，　are
common　to　those　possessed　by　the　chain。n　a　single　surface．　These　been　discussed　in
previous　publications　［10－12］・Irnportant　configurational　propert三es　pertaining　to　the
bridges董nclude（i）probability　of　bridging　of　the　surfaces　by　the　chain，（ii）D量stribution
of　bridge　iengths　and　their　mean　size，（iii）Mean　fraction　of　chain　segments　occurring　in
the　bridges．
　　In　most　polymer　blends　fbr　solutions　of　practical　interest，　polymer　chains　calTy
specific　g・oups　interacting　with　each　other　by　associative　forces　capable。f　fb㎜ing
bonds，　and　hence　a　description　in　terms　of　van　der　Waal　s　type　interacti。n　i　s　insufflcient．
These　fbrces　include　hydrogen　bonding，　ionic　assooiation，　stereocomplex　formation，
cross－1inlCing　by　the　crystalline　segments，　and　solvent　complexation．　In　most　c。㎜on
cases　the　bonding　energy　is　comparable　to　the　thermal　energy，　so　that　the　bond
formation　i　s　reversible　by　the　change　in　temperature　or　concentration．
4．1S㎜町o紬e魚rces　acting　on卿icles　suspended　in　a　liquid［4】
　　Three　killds　of　fbrces　coexist　to　various　degrees　in　fioWing　suspensions．　First，　there
are　those　of　colloidal　origiエ1　that　arise丘om　interactions　between　the　particles．　These　are
controlled　by　properties　of　the　fluid　such　as　polarisability，　but　not　by　viscosity．　These
forces　can　result　in　an　overall　repulsion。r　a廿raction　between　the脚icles．　The％㎜er
can　arise，　fbr　instance，　f士om　like　electrostatic　charges　or　f｝om　entropic　repulsion　of
polymeric　or　surfactant　material　present　on　the　particle　surfaces．　The　latter　can　arise
丘om　the　ever－present　London－van　der　Waals　attraction　between　particles，　or　ffom　the
electrostatic　attraction　between　unlike　charges　on　diffヒrent　parts　of　the　particle（e・9・
edge／face　attraction　between　clay　particles）．　If　the　net　result　of　aU　the　fbrces　is　an
attraction，　the　particles　tend　to　flocculate，　while　overall　repulsion　means　that　they
remain　separate（i．e．　dispersed　or　defloccu正ated）．
　　Each　colloidal　fbrce　has　a　different　rate　of　decrease　from　the　surface　of　the　particle
and　the　estimation　of　the　overall　result　of　the　combination　of　a　number　of　these　fbrces
operating　together　can　be　quite　complicated［13］．
　　Secondly，　we　must　consider　the　ever－present　Brownia皿randomising　fbrce・For
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particles　of　all　shapes，　this　constant　randomization　infiuences　the　fornl　of　the　radial
distribution　function（i・e・the　spatial　arrangement　of　particles　as　seen　from　the　center　of
any　one　particle），　whereas　fbr　non－spherical　particles，　spatial　orientation　is　a玉so　being
randomized・The　Brownian　fbrce　is　of　course　strongly　size－dependent，　so　that　below　a
particle　size　of　1μ皿it　has　a　big　influence．　This　fbrce　ensures　that　the　particles　are　in
constant　movement　and　any　description　of　the　spatial　distribution　of　the　particles　is　a
tlme　aVerage・
　　Thirdly，　we　must　take　into　account　the　viscous　forces　acting　on　the　particles．　The
viscous　fbrces　are　prol）ortion　to　the　local　velocity　difference　between　the　particle　and
the　surrounding　fluid．　Hence　the　way　these　affect　the　suspension　viscosity　enters　via　the
visoosity　ofthe　continuous　phase　which　then．　scales　all　such　interactions．　For　this　reason，
‘‘唐浮唐垂?獅唐奄盾氏@viscosity”is　usually　considered　as　the　viscosity　relative　to　that　of　the
continuous　phase．
　　Clearly，　the　rheology　measured　macroscopically　is　strongly　dependent　on　these
microstructural　conslderations．　For　instance，　the　presence　of　isolated　particles　means
deviation　of　the　fluid　flow　lines　and　hence　an　increased　viscosity．　At　higher
concentrations，　more　res量stance　arises　because　particles　have　to　move　out　of　each
other’s　way．　When　particles　fbml　flocculated　structures，　even　more　resistance　is
encountered　because　the　flocs，　by　enclosing　and　thus　immobilizing　some　of　the
continu。us　phase，　have　the　effect　of　interesting　the　apparent　phase　v。1ume，　thus　again
givi皿g　a　higher　than　expected　viscosity．
4、2　Maximum　packing　fraction
　　The　in且uence　of　particle　concentration　onL　the　vi　sco　sity．　of　the　concentrated
suspensi。n　is　best　detelm血ed　in　relation　to　the　maximum　packing　fraction．　There　must
come　a　t㎞。e，　as　more　and　more　particles　are　added，　when　suspensions‘‘j　am　up，’，　glving
continuous　three－dimensional　contract　throughout　the　suspension，　thus　making　flow
impossible，　i．e．　the　visco　sity　tends　to　infinity．　The脚icul肛phase　vo1㎜e　at而ch曲
happens　is　called　the　maximum　packing　fractionφm，　and　its　value　wil1　depend　on　the
町angement’of　the　particles．　Maximum　packing丘actions　thus　range　fヒom
apProximately　O．5to　O．75　even　fbr　monodisperse　spheres．
The　maximum　packing　fraction，　as　well　as　being　contr。11ing　by　the　type　o　f　packing，
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is　very　sensitive　to　particle－size　distribution　and　particle　shape　［王4］．　Broader
particle－size　distributions　have　higher　values　ofφmbecause　the　smaller　particles　f玉t
into　the　gaps　between　the　bigger　ones．　On　the　other　hand，　nonspherical　particles　lead　to
poorer　space－filling　and　hence　lowerφm．　Particle　flocculation　can　also　lead　to　a　low
maxim㎜ユpacking　fraction　because，　in　genera1，　the　flocs　themselves　are　not
close－packed．
From　the　ab　ove　considerations，　we　see　that　the　ratio　0／φm　i　s　a　relevant　norTnalized
COnCentrat10n．
4．3Shear－thi　ckening　of　concentrated　suspensions［4］
　　Given　the　correct　conditions，　all　concentrated　suspensions　of　non－aggregating　solid
脚icles　Will　show　shear－thickening．　The即icular　circ㎜stances　and　severity　of
shear－thickening　Will　depend　on　the　phase　vo　lume，　the脚icle－size　dis廿ibuti。n　and出e
continuous　phase　viscosity．　The　region　of　shear－thickening　usually　fbllows　that　of　the
shear－thi皿ning　brought　about　by　two－dimensional　layering．　The　layered　arrangement　is
unstable，　and　is　disrupted　above　a　critical　shear　stress．　The　ensuing　random　arrangement
increases　the　viscosity．　The　effect　has　been　studied　using　an　optical　diffiraction　system
［15］．
4，4The量nteraction　of　suspended　particles　with　poIymer　molecules　also　present　in　the
continuous　phase［16］
There　are　at　Ieast　fbur　way　in　which　particles　and　polymer　molecules　interaction：
　　〈1＞Neutrally．　That　is，　the　poIymer　merely　acts　as　a　thickner　for　the　continuous　phase
and　the　particles　as　inert　fillers．　The　only　overall　effect　is　an　increase　in　viscosity．
Examples　ofthi　s　are　found　in　various　toothpastes．
　　＜2＞For　specific　polymers（e．9．　block　copolymer），　some　part　of　the　polymer
molecule　adsorbs　ollto　the　particle　while　the　other　protrudes　into　the　1iquid　phase．　This
can　have　the　effect　of　hindering　any　flo　cculation　that　might　take　place，　especially　with
very　small　particles，　and　hence　prevent　any　ensu三ng　sedimentation　or　creaming・The
interacting　polymer　chains　of　a（lj　acent　particles　overlap　and　cause　entropic　repulsion
because　their　Iocal　concentration　is　higher　than　the　average．　Emulsion　and　dispersion
stabilizers　such　as　Gum　Arabic　are　examples　showing　this　phenomenon
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　　〈3＞Certain　polymers　have　the　ability　to　anchor　particles　together．　This　is　called
“bridging　flocculation”・They　are　usually　very　high　molecular－weight　macro卑olecu玉es
with　groups　that　attach　to　the　particles　by　unlike　charge　attraction．　These　are
deliberately　introduced　to　cause　flocculation　in　separation　processes．　An　exarnple　is　the
use　of　the　polyacrylamide　family　of　polymers　in　water－clarification　plants．　The　flocs
formed　by　bridging　fiocculation　are　relatively　strong　and　can　withstand　quite　high
stresses　befbre　breaking　down．
　　〈4＞Some　situations　arise　where　polymers　in　the　continuous　phase　can　cause
flocculation　of　the　particles．　This“depletion　flocculation”arises　when　poIym．er
molecules，　because　of　their　finite　size，　are　excluded　from　the　small　gap　between
neighboring　particles．　The　concentration　difference　thus　caused　between　the　bulk　and
the　gap　causes　an　osrnotic　pressure　difference．　This　resu工ts　in　solvent豆eaving　the　gap，
thus　pulling　the　particles　together．　This　in　tUm　means　that　even　more　polymer　becomes
excluded　and　the　effect　grows．　Eventually　the　particIes　are　completely　flocculated．　The
floc　strength　of　such　a　system　is　relatively　smal1，　certainly　as　compared　to〈3＞above．
There　must　always　be　a　tendency　fbr　this　to　occur　in　any　system，　but　the　time　scale　of
the　particle　movement　and　the　level　of　the　force　makes　it　possible　to　ignore　it　in　some
Clrcumstances．
4．5　Kjnetic　Aspects　of　polymer　adsorption　and　Flocculation［17］
　　In　studying　polymer　flocculation．　by　the　tUbe　flow　method　it　would　be　most
convenient　to　mix　the　suspension　and　polymer　solution　h㎜ediately　before　the
suspension　enters　the　tube．
　　However，　certain　kinetic　effects　may　complicate　the　interPretation　o　f　the　results・
　　At　the　moment　of　addition　of　polymer　to　a　suspension，　several　rate　processes　are
initiated［18］．
　　＜1＞Mixing　of　polymer　solution　and　suspension
　　＜2＞AdsorPtion　of　polymer　molecules　on　the　particles．
＜3＞Rearrangement　or　reco㎡formation　of　adsorbed　polymer　chains　to　give　an
　　equili『briuエn　configuration．
　　＜4＞Collisions　betWeen　destabilized　particles（i．e．　those　with　sufficient　adsorbed
　　polymer）1eading　to　the　formation　of　aggregates（flocs）．
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Fig．13　Schematic　illustration　of　polymer　adsorption（b），　arrangement（c）and
且occulation（d）；k11，k12　mean　rate　of　constant．
Assuming　that　mixing　of　polymer　molecules　and　particles　can　be　achieved　very
rapidly，　so　that（a）is　not　a　rate－determming　step，　the　problem　is　to　estimate　the　rel　ative
rates　of　steps（b）一（d）in　a　flowing　dispersion．　These　steps　are　illustrated　schematically
in　Fig．13，　where　the　number　concentration　of　particles　is　Nエand　that　of　polymer
molecules　N2．
　　Inもthe　absence　of　shear，　when　adsorption　and　flocculation　are　entirely　diffUsion
controlled，　the　required　amount　of　adsorption　takes　place　in　about　one　third　of　the
collision　time，　so　that　most　particles　will　have　adsorbed　suff71cient　polymer　before　their
first　collision　with　another　particle．
5．Carbon　black［19】
　　Carbon　b正ack　is　forrned　by　incomplete　combustion　of　rriany　organic　substances；　solid，
1iquid，　or　gaseous．　The　generic　te㎜“carbon　black”　now　refers　to　a　group　of　industrial
products　consiSting　of　fUrnace　black，　channel　blacks，　thermal　blacks，　and　larnp　blacks・
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They　are　ma輩erials　comp。sed　essentially　of　elem・ental　carbon　in　the　form。f　near－sphere
particles　of　colloidal　sizes，　coalesced　m且董nly　into　particle　aggregates　obtained　l〕y　partial
combustion　or　therrnal　decomposition　of　hydrocarbon．
Also　a　rather　different　form　of　gel　structUre　i　s　obtained　by　adding　high　concentrations
of　small　solid　pa　tticles　such　as　carbon　black　to　a　polyエner　melt　or　concentration　solution
（see　with　chapter　3．5）．
5．1Physical　properties　of　carbon　black
SUIface　al’ea
　　Carbon　blacks，　as　all　solids，　interact　With　other　substances　by　means　of　their　surface．
Thus　the　surface　is　one　of　dhe　most　importa皿t　characteri　stics　of　carb　on　black，
particularly　since　the　particles　are　very　small　and　the　specific　surface　area，　therefbre，
very　1arge．　The　s曲ce　area　of　carbon　blacks　has　been　usuaUy　dete㎜ined　by　means　of
the　nitrogen　absorption　method．
Pα℃5め・
　　One　of　the　most　important　characteristic　of　a　pore　is　its　radius．　For　noncylindrical
pores　an‘‘effective　radius”is　used，　defined　as　twice　the　ratio　of　the　area　of　the　norlnal
　　　　　　　　　　　　　　　　　　　　　　　　　り　　　　　　　　　　　　　　　　　　　CrOSS　SeCt10n　tO　ltS　per11neter．
　　The　porosity　of　carbon　blacks　has　been　usuaUy　dete㎜ined　by　means　of　a　mercury
　　　　■porOSImeter．
52Chemical　properties　of　carbo且black
Although　carbon　is　the　maj　or　element　in　carbon　blacks，　there　are　always　a　number　of
other　eIements　present　which　may　slgnificantly　ir沮uence　the　properties　ofthe　black・
Chemistry｛）fsurface　gr・oup
　　Carbon　is　by　no　means　an　inert　element．　The　number　of　compounds　containing　the
element　carbon　black　is　staggering　and　increases　steadily．　ln　its　solid　form，　the　surface
properties　of　finely　divided　carbonLs　become　dominant．　Thus，　in　carboll　blacks，　the
surface　reactivity　is　most　important．　These　surface　reactions　have　some　particular
characteristics　in　conrmon．
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　　The　chemica正reactivity　ofcarbon　and　of　carbon　blacks　in　particular，　is　fbr　a　large　part
dependent　on　the　superfic量al　chemical　groups　known　as　surface　oxides．　This　subj　ect　has
recently　been　reviewed　extensively［20－241．　surfaces　of　carbon　rich　in　surface　oxides
are　hydrophilic．
　　Physical　adsorption　is　reversible，　nollspecific　and　has　an　enthalpy　lower　than　8　to　10
kca1／mole．　The　rate　of　adsorption　is　high　and　the　adsorbed　substance　may　be　complete重y
desorbed　at　the　same　temperature．
　　Chemisorption，　on　the　other　hand，　is　essentially　irreversible　and　has　an　enthanpy　of
the　order　of　magnitude　of　20　to　100　kcal／mole．　While　physical　adsorption　may　occur　in
mono－or　multi－layers，　the　molecules　attached　to　the　solid　by　chemisorption　are　bound
by　valency　bonds，　which　eliminates　the　possibility　of　multi－layers．
　　The　experimenta1　results　brought　Boeim　to　propose　tWo　models［251．　One　of　them　is
identical　to　the　model　proposed　by　Garten　and　Weiss［26］．　Initially，　Boehm　thought　the
fbur　groups　fbund　in　his　mode1，　e．g．，　carboxyl，　cabonyl，　hydroxy1，　and　lactone，　to　be
present　in　equivaIent　amounts　in　oxidized　bIacks．
　　It　appears，　however，　as　Boehn　himself　noted　later［27］，　that　the　ratlos　of　these　fbur
血nctional　groups　may　be　different，　depending　on　the　nature　of　the　carbon　and　the
oxidation　process．
Other　chemica1　ftmction
　　The　presence　of　carbon－hydrogen　bonds　at　the　surface　of　carbon　blacks　and　even
inside　of　the　mass　of　the　particle　has　been　definitely　established．　Surface　hydrogen　is
chemi　caユ1y　reactive．　Sub　stitUtion　by　bromine［28，29］as　well　as　by　chlorine［30］　takes
place　at　room　temp　erature，
　　Other　chemical　fUnctions　are　be互ieved　to　exist　on　the　suエface　of　the　carbon　black
particles（SulfUr　and　Halogen，　SulfUrous　surface　complexes［31］，　and　surface　sulfides
［32D．
5・3Properties　of　dispersed　carbon　black
　　The　properties　of　a　dispersion　of　a　carbon　black　in　a　vehicle　generally　differ
corlsiderably　from　those　of　the　matrix　itsel£Physical　properties，　such　as　rheological，
electrical，　and　optical　properties　of　carbon　b正ack　dispersion　and　even　its　chernical
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properties　may　vary　from　those　of　the　vchicle．
Rheolog　y（）fcarbon　black　dispersion
　　Dilute　dispersion　of　carbon　black　in　a　Iiquid　vehicle　has　a　Netonian　chLaracter．　The
flow　is　proportional　to　the　shearing　stress　and　the　fbrce－flow　diagram　is　a　straight　line
tirrough　the　origin．　At　higher　concentration，　however，　a　non－Newtonian　character
appears　and　the　fbrce－flow　diagram　is　no　longer　a　straight　line，　nor　does　it　pass　through
the　origin・The　addition　of　deflocculating　agents　su］bstanti　ally　raises　the　coIlcentration　at
which　non－Newtionian　flow　becomes　apParent，　but　does　not　supPress　this　type　of　fiow．
At．　high　shearing　rates　the　fbrce－flow　relation　apPears　to　be　a　straight　Iine　intersecting
the　fbrce　axis　upon　extrapolation．
　　Concentrated　carbon　black　dispersions　in　liquid　m．edia　show　a　pronounced　thixotropy，
areversible　work－softening．　This　is　indicated　by　the　thixotropic　Ioop　in　the　fbrce－f玉ow
diagram　fbr　the　dispersion　observed　in　a　rotational　viscometer，　first　at　increasing　rate　of
shear，　followed　by　decreasing　rates　of　shear．
　　Thixotropic　phenomena　point　to　the　existence　of　structures　in　carbon　black　dispersion
formed　by　mutUally　attractive　forces　betWeen　the　particles．　At　increasing　shear　rate
these　structures　are　graduaily　broken　up，　reducing　the　resistance　to　flow　of　the
dispersion．　Upon　decreasing　the　shear　rate　again，　the　structures　are　generally　only　partly
refb㎜ed　during　the　time　of　measurement，　resulting　in　hysteresis　phenoInena
chaエacterized　by　a　thixotropic　looP．　The　area　of　th．e　loop　depends　on　the　rate　and
magnitUde　of　stmcture　formation　and　on　the　time　element　of　measurement　involved．　It
was　fbund　that　the　thixotropy　of　most　carbon　black　dispersions　indicates　a　significant
tendency　to　particles　aggIomeratlon，　most　IikeIy　by　a　van　der　Waals卿e　of　attractive
force．
　　Rheological　data　indicate　the　existence　of　particle　agglomerates　at　lower　rates　of
shear　as　well　as　of　non　spherical　aggregates　at　high　shear　rates，　thus　recognizing　a　dual
structure　in　carbon　blacks，　as　first　concluded　by　Vbet　and’剛tten［33］．　It　may　be
defined　as　‘‘p　ersistent　structUre”　the　ag9【egates　of　particIes　coalesced　during　their
fbrmation　and　as　‘‘tranLsient　structure”the　agglonユeration　of　particles　or　of　persistent
　　　units　of　particles　by　attractive　forces．　The負’equently　used　terms　primary　and　secondary
structUre　are　confUsing　and　have　been　dropped　in　favor　of　the　above　teims．　The　intemal
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particle　structure　has　been　referred　to　as　microstructure．　Ob・vious玉y，　persistent　structures
are　irreversib正e：once　broke　down，　they　do　n。t　reform．　On　the。ther　hand，　transient
structures　are　completely　reversible．
5．4Measurement　of　struoture　in　dry　carbon　blacks
The　void　volume
　　In　the　absence　of　any　particle　aggre　gation　the　packing　density　wouldもe　much　1arger．
The　most　open　system　of　uniform　sph6res　in　tetrahedral　packing　has　a　void　volume　of
about　36％［341、
　　The　empty　space　in　a　given　volume　of　carbon　black　is　known　as　the　void　volume．
Since　the　void　volume　i　s　a　measure　of　structure，　its　determination　i　s　an　important　factor
in　the　assessment　of　carbon　black　structure．　Deterrnination　of　the　void　volume　is　an
important　factor　in　the　assessment　of　carbon　black　structure．　There　are　basically　two
approaches，　namely，　liquid　absorption（vehicle　demand）and　specific　volume　at　a　given
compreSSlon．
五吻∫4珈o吻’o刀
　　In　the　liquid　absorption　test，　a　liquid　which　wets　carbon　black　very　welI　is
incorporated　into　the　voids　of　the　black．　The　amount　needed　to　fil1　the　void　of　a　given
weight　of　b1ack　i　s　then　determined．
　　For　many　years，　the　oil　absorption　test　was　the　accepted　method．　In　the　stiff　paste
method，　alkaユi－refined　linseed　oil　was　added　stepwise　to　a　fluf取black　or　to　crushed
pe11ets，　while　the　mixture　was　worked　by　hand　with　a　spatula．　The　endpoint　was　reached
when　the　mixture　cohered　into　a　single　ball．　This　test，　however，　is　rather　su切ective・
Even　if　a　ll　stages　of　the　technique　were　carefUlIy　controlled，　the　pressure　exerted　by　the
operator，　an　important　factor，　varies　enough　between　operators　or　between　the　same
operator　at　different　times　to　make廿1is　method　undesirable　to　establish　a　value　fbr　a
specification．
　　Arecently　developed　automatic　method　is　known　as　dibutylph出alate（DBP）
absorption　test．　It　is　carried　out　with　the　aid　of　a　Cabot　aborptometer．　It　is　caiTied　out
with　the　aid　of　a　Cabot　AbsorPtometer．　Thi　s　illst㎜ent　i　s　basically　a　torque一搬easuring
33
electric㎞eader－mixer・　First，　a　quantity　of　carbon　black　is　placed　in　the　mixing　chambeL
The　kiieader　action　is　started　and　dibutylphthalate　is　added　dropwise　from　an　automatic
burette・　The　tra　nsition　from　a　free－f［owlng　Powder　to　a　semiplastic　materl　al　at　the　point
of　maximum　absorption　results　in　a　rapid　rise　in　t⑪rque，　which　activates　an　automatic
cutoff　in　burette　and　kneader．　The　volume　of　liquid　added　is　registered　automatically．　lts
value　per　100g　of　black，　the　DBP　number，　is　a　reproducible　quantity　rec。9磁zed　as　a
structural　index　in　ASTM　rnethod　D2415－65T．
肋o哲c％1襯θ
The　specific　vol㎜e。f　a　carbon　black，　generally　determined　at　a　specified
compression，　is　an　indication　of　its　void　volume，　which　may　be　calculated　f士om　the
density　of　the　solid　carbon　particles．　Since　void　volume　depends　on　stmcture，　we　may
use　the　specifio　volume　as　an　indicator　of　struc1賦e．
Signil17cance　ofaggregate　morphologアノ’or・carbon・structure・determination
　　Absorption　of　oil　or　of　dibutylphthalate（1）BP）to　the　critical　pigment－volume　end
point　is　generally　accepted　as　a　measure　of　the　stmcture　of　a　carbon　b重ack．
The　principle　of　liquid　absorption　into　to　voids　of　the　aggregates　of　the且11er　has　led　to
the　concept　of　occluded　elastomer，　important　for　an　understanding　of　the　various　modes
of　interaction　between　carbon　black　and　elastomers．
　　Carbon　black　loading　generally　changes　the　dispersions　into　non－Newtionian　system，
due　to　a　number　of　factors．　For　instance，　carb。n　bIack　aggregates　j　oin　to　form
agglomerates，　which　are　gradua11y，　though　reversib正y　destroyed　by　increasing　shear
rates．　Interaction　of　elastomeric　chains　and　black　particles　creates　a　labile
three－dimensional　carbon－elastomer　networks，　which　is　also　gradually　and　generally
reversibly　eliminated　by　shear．　The　nature　of　these　interactions，　which　can　be
mechanica1，　physical，　or　chemical，　has　been　discussing　by　many　researchers．
6．UV・curable　raw　m禽terial
6・1Reactive　diluents［35］
　　The　typical　physical　and　chemical　properties　of　acrylate　monomers　and　oligomers　are
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diverse　but　their　typical　uses　in　formulation　of　printing　inks　and　varnishes　can　be
generalized　according　to　their　acryIate　fUnctionality．　The　number　of　acrylate　groups　wilI
govern　to　a王arge　extent，　the　typ　e　ofpolymer　that　wil正　be　forrned　after　curing．
6．1．1Mono－acrylates
　　Molecules　with　a　single　acrylate　fUctional　group　c㎜ot，　by　themselves　fbml
crosslinlくed　polyers　unless　somle　other　type　of　fUnctionality　is　also　present．　They　can　be
used　to　modified　the　structUre　of　polymers　formed　by　multi一魚nctional　materials．　There
are　many　different　types　of　mono－acrylate，　both　aliphati　c　and　aromatic．
6．1．2Di－acry三ates
Di－acrylates　can　polymerize　forming　crossli！iked　polymer　chains．　The　degree　of
cro　sslinking　may　be　limited　and　may　not　impart　suiificient　durability　or　strength　to　the
polymer．　Some　of　the　most　widely　used　di－acrylates　include　dipropyleneglycol
di－acrylate　（DP　GDA），　tripropyleneglyool　di－acrylate　（TPGDA），　1，6－hexanediol
di－acrylate（HDDA），　and　ethoxylated　bisphenol－A　di－acrylate（DDA）．
The　low　viscosity　di－acrylates　like　TPGDA，　find　use　mainly　in　coating　vanishes　fbr
their　good　viscosity　reduoing　charaoterisitics．
6．1．3Tri－aorylates
T「i－acrylales耳re　capable・f　f・rming　m・re　c・mplex　cr・ss－linked　P。lymers　and　they
are　Widely　used　in　ink　and　vanish　formulation．　There　are　a　numb　er　of　acrylates　derived
丘om　polyols　such　as　pentaerythrito1，　glycero1，　and　trimethylolpropane．　The　low
molecular　weight，　non－alkoxylated　materials　are　to　be　avoided　on　health　and　safety
grounds　　and　　examples　　tnclude　　pentaerythritol　tri－acrylate　　（PETA）　　and
trimethylolpropane　tri－acrylate（TMPTA）．　The　safヒr，　less辻ritant　materials　include
propoxylated　glycerol　tri－acryl　ate　（GPTA）　and　ethoxylated　trimethylolpropane
tri－acrylate（TMPEOTA）．　GPTA　is　probably　one　of　the　most　widely　used　materials　in
both　Iithographic　inks　and　varnishes．
6．1．4　Teta－，　Penta－，　and　Hexa－acrylates
　　These　acylates　have　relatively　high　viscosities　compared　with　many　di－and
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tri－acrylate　diluents・As　such，　they　are　more　general正y　used　to　boost　reactivity　and　fbr
their　ability　to　fbrm・very　highly　cross－linked　and　durable　polymer　films．　ThLey　are　u．sef口l
in　both　general　pmpose　at）d　more　specialized　formulations，　but　ar・e　usually　more
expensive　than　di－or　tri－acrylates．　Some　materials　also　have　hydroxyl　groups，　which
can　aid　pigment　wetting，　improve　adhesion　to　difficult　substrates，　as　well　as　promote
cure　speed．　Examples　incIude，　alkoxylated　pentaerythritol　tetra－acry互ate（ATTA，
PPTTA），　di－trimethylolpropane　tetra－acryl　ate　（DTMP　TTA），　di－p　entaerythritol
（mollo－hydroxy）penta－acrylate（DPEPA），　and　di－pentaerythritol　hexa－acrylate（DPHA）．
6．2Prepo1）㎜ers［35］
　　The　selectio皿of　reactive　diluents　can　play　a　maj　or　role　in　low　viscosity　inks　such　as
flexo，　but　the　selection　of　prepolymer　often　has　a　great　effect　on　the　ink　making
properties　of　a　formulation．　Prepolymers　are　hi　gh　in　molecular　weight　and　visco　sity．
Their　chemistry　can　be　complex　and　can　be　modified　to　enhance　ink　making　or　lnk
application　properties　such　as　pigment　wetting，　lithography　or　adhesion　to　difHcult
substrates．
There　are　an　ever　increasing　number　o　f　prepolymers　available　t。　the　formUlat。r　but
the　maj　ori　ty　can　be　classified　according　to　their　general　chemistry．　Three　types　of
prepo正ymer　was　used　to　make　a　fo㎜mUlation　in　the　Chapter　II（P　olyester　acryl　ate，　Epoxy
acrylate，　and　Urethari　arylate），
7・Overview　of　thLe　historical　angle　fbr　tbe　rheoIogical　research　of　the　concentrated
polymeric　liquids
Rheological　properties　of且lled　polymer　melts　provide　important　information　on
processing　behaviors　of　composites　materials．　Since　these　multiphase　fluids　involve
non－Newtonian　polymeric　liquid，　the　flow　phenomena　are　usua11y　rather　complex［36，
37」．Unlike　dispersions　of　non－interacting　solid　pa推icles　in　a　Ne競o並m　medi㎜where
volume　f士action　of　the　solid　phase，　particle　shape，　and　viscosity　of　the　medium　are　the
only　controlling　parameters　in　absence　of　Browllian　motion，　some　experimental　data
indicate　that　rheologicaI　rnaterial　fUnctions　of　polymer　moIecular　weight，　on　interf亘c三al
conditions　at　the　polymer　molecular　weight，　on　interfacial　conditions　at　the　polym．er
36
matrix－filler　boundaries，　and　on　filler　size　at・a　given　volume　f士action［38－48］．王n　some
cases，　tlle　addition　of　rigid　filler　to　a　pQlymer　melt　is　observed　to　increase　viscosity　of
the　m、ixture　and　reduce　its　elastic　response．　In　other　cases，　filIers　simply　enhance
viscoelastic　properties　of　composite　fluids．　Limited　by　the　smalI　number　of　systematic
experimental　studies，　it　is　dif且cult　to　draw　generic　trends　of　rheological　behaviors　of
polymer　filled　systems・Until　more　experimental　investigations　are　planned　and　carried
out　to　control　and　systematically　vary　these　additional　variables，　influence　of　molecular
weight　of　matrix　and　surface　treatment　of　fillers　on　rheological　processing　of　polymer
composite　materials　will　continue　to　be　an　arbitrary　factor．　It　will　also　be　difficult　make
quantitative　comparisons　between　theory　amd　experiment・With　more　composite
materials　replacing　conventio皿al　materials　using　fiber－reinforced　polymer　composites，
there　is　an　urgent　need　fbr　a　qualitative　theoretical　treatment　that　not　only　can　provide
an　explanation　fbr　maエ1y　of　experimental　data　available　at　present　but　also　ca且help
guide　the　design　of　new　experimellts［49］．
　　Most　of　the　theoretical　works　on　filled　polymer　rheology　are　based　on　the　principles
of　continuum　mechanics［50－52］．　Furtherrnore，　to　our　knowledge　no　attempts　have　been
made　to　model　rheological　properties　of　polymer－filler　systems　as　fUnctions　of　some
inter飴［cial　param．eters　that　characterize　the　degree　of　a盤rdty　of　filler　surfaces　to　the
polymer　medi㎜．　This　situation　arises　f｝om　the　fact　that　it　is　not　olear　how　to
incorP。rate　any　interfacial　interacti。ns舳in　a丘ame　w。rk　of　continuum　mechanics・
　　An　altemative　approach　to　dynamics　and　rheology　of　filled　polymer　melts　is　to
develop　microscopic　theories　for　an　entangled　polymer　melt　with　a　uniform　dispersion
of　solid　particles　that　are　large　compared　to　the　polymer　chain　dimens量ons・It　would　be
desired　to　apPly　the　de　Gen皿es－Doi－Edwards　reptation　theory　to　treat　dynamics　of　chain
entangl　ements　in　presence　of　impenetrable　boundaries．～Very　recently，　Brochard　and　de
Gennes［531　have　reconsidered　the　phenomenon　of　wall　slipPage　of　polymer　rnelts
reported　by　Migler　et　al［54］．　However，　their　argument　cannot　be　readlly　apPlied　to
describe　the　influence　of　filler　surfaces　on　reputation　motion　of　a（ij　acent　polymer　chains・
Affruitfbl　way　to　tadde　this　diffricult　problem　may　be　utilize　the　ideas　of　transient
network　theories　that　were　originally　developed　to　provide　a　phenomenological
description　of　entangled　polymer　melts．　Silユce　Yamanoto［16］，　several　variation　of　the
Yamamoto　transient　network　model　have　been　made　to　describe　a　variety　ofrheological
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systems・Fuller　and　Leal　explored　theoretical　prediction　of　nonlinear　effects　at　high
shear　rates　by　examining　different　processes　associated　with　creation　and　destruction　of
entanglement　junctions［55］．　Ekong　and　Jayaraman　apPlied　the　transient　network　model
to　explain　the　existence　of　a　yield　stress　at　low　shear　rates　in　block　copolymer　melts
［56］．By　allowing　the　network　segments（strands）to　be　non－Gaussian　chains，
Vrahopoulon　and　McHugh　predicted　an　increase　in　viscosity　with　increase　shear　rates
［57］．Doremus　and　Piau　considered　transient　network　model　fbr　f［uids　possessing　yield
stress［58］．　Tanaka　and　Edwards　modified　the　Yamanoto　model　to　treat　a　physically
crosslinked　gel　where　the　number　of　network　junction　is　conserved［59］．　More　recently，
the　idea　of　transient　network　theories　has　been　adopted　by「Wiang　to　propose　a　plausible
mechanism　fbr　shear　thickening　in　self－associating　polymeric　fluids，　based　on
shear－induced　coagulation　between　the　network　and丘ee　chains［5］．　Also，　it　has　been
trying　to　a　theoretical　attempt　to　represent　filled　polymer　melts　in　a　phenomenological
fashion　by　a　transient　network　model　by　lnn　and　Wang［49］．
Fig．14　Schematic　representation　of　transient　network　around　a　filler　surface，
specified　by　two　different　relaxation　times：Tp　and　Ts．
　　Inn　and　Wang　reported　on　the　transient　network　model　fbr　a　multiphase　polymeric
fluid．　The　interactions　between　pigment　particles　and　the　continuous　phase　bring　about
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the　formation　of　a　network　of　particles　and　aggregates　within　the　ink，　which　can　form　a
continuous　structure　with　time．
　　There　are　two　types　of　strands　in　the　network：the　p－strands　are　the　chains　between
polymer－polymer　junctions　and　the　f－strands　are　the　chains　bridging　a　polymer－polymer
junction　and　a　polymer－fi重1er（pigment）junction．　The　interfacial　interactions　between
polymer　matrix　and　undeformable　pigments　control　the　level　of　pigment　contribution　to
the　stress　increment　by　influencing　the且ow　deformation　of　the　polymer　melts，　as
shown　in　Fig．14．
　　The　breakage　rateβf　of　a　pigment　strand　between　a　polymer　entanglement　and　a
polymer－pigment　adsorption　site　is　given　by
fβ
1
十
1
τP τs
（38）
τs：Relaxation　time　of　pigment－polymer　junctions
τP：Lifetime　of　polymer－polymer　junctions
8・Flexography
　　Flexography（flexographic　printing）is　the　onユy　printing　technology　by　means　of
which　printing　can　be　done　on　very　thin，　flexible，　and　solid　films，　virtually　all　papers，
thick　cardboard，　rough－surfaced　packaging　material　s，　and　fabrics．
　　The　printing　quality　that　can　be　achieved　in　flexographic　p血ting　is　lower　compared
to　offset　p血ting．　The正esolution　i　s　usually　lower　with　flexography（48　lin、es／cm，夏201pi
using　conventional　production　metho　ds）than　with　offset　printing，　which　has　a　standard
of　60　up　to　1201ines／cm（150　up　to　3001pi）．　However，　modem　printing　Plate，　especial　Iy
those　produced　using　computer　to　plate　imaging　systems，　have　improved　printing
quality　markedly．　Print　work　with　a　screen　f｝equency　of　60　line　s／cm（even　of　up　t⑪120
1ines／cm）can　be　produced，　The　use　of　new　types　of　printing　plates　with　ada2ted　inks
and　technicai　printing　press　developments，　especially　with　respect重o　inking（inking
units），　have　tremendousIy　improved　the　printing　quality　offered　by　flexographic
　　．　　　　　　■prlntmg［60｝
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　　Tlle　principle　on　which　a　flexographic　printing　unit　works　is　illustrated　in　Fig．15．
The　low－viscosity　ink　is　tra　nsferred　to　the　printing　Plate　via　a　roller　that　is　evenly
screened　with　cells，　the　so－called　screen　roller／anilox　roller．　The　nユbber　or　p正astic　plate
is　attached　to　the　printing　Plate　cyHnder．　Ink　is　transferred　to　the　printing　substrate　by
the　pressure　of　the　impression　cylinder．　The　use　of　blade（together　with　the　ink　supPly
syste111）on　the　screen　roller　has　a　stabilizing　effect　on　the　printing　Process　resulting
丘orn　even　filling　ofthe　celIs　on　the　screen　roller．
Printing
piate
（soft｝
Piate、cylinder／Printing　substrate
fink　supply
｛chambered　doctor
blade　system）
Elastic　printing　plate　with
raised　image　elements
讐，
Cells　ofthe　anilox　roller
filled　with　ink
inked　up
image　eiement
Fig．15　Schematic　diagraエn　of　flexographic　printing　unit（rotary　letterpress，　the
principle　of　the　process）
　　Flexographic　printing　uses　flexible　rubber　or　photopolymer　plates．　The　rubber　plates
are　molded　in　hydraulic　presses　against　a　metal　or　hard　plastic　matrix．　The
photopolymer　plates，　however，｝are　made　by　exposing　the　plates　to　light　through　a
photographic　film　and　then　washing　away　the　unexposing　coating．
　　Conventional　and　advanced　printing　methods　are　well　established　techniques　and　are
nowadays　routine　tools　fbr　the　packaging　and　printed　matter　industry．　From　the
packaging　and　printing　industry　point　of　view，　the　roll－to－roll（R2R）technique　is　the
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only　1皿ethod　of　choice　capable　of　fU正filling　the　dernanded　product圭on　volume　and
integration　of　the　existing　production　process　with　a　low　cost　level．　Moreover，
convent量onal　printing　techniques　are　additive　techniques　reducing　the　amount　of　waste
during　the　fabrication．　When　simple　electrical　and　optical　comp　onents　can　be　fabricated
using　conventional　printing　tec㎞iques，　their　integration　into　the　low－end　products　will
be　possible．
　　Flexographic　printing　is　widely　used　fbr　printing　flexible　packaging，　oorrugated
boxes，　fblding　cartons，　paper　bags，　paper　an．d　plastic　containers，　and　narrow－web　labels．
It　is　a重so　being　used　increasingly　to　print　newspapers［61｝Also　fiexographic　printing
had　been　evaluated　fbr　the　fabrication　of　electrica1，　0ptical　and　optoelectroエオc
components　fbr　the　area　of　special　printings．　From　these　teclmiques，　most　of　the
attention　was　paid　to　the　gravure　printing　of　passive　and　active　electrical，　optical　and
optoelectrical　components，　whereas　dif仕active　optics　have　been　produced　using　the
roll－to－roll　hot－embossing　tec｝血que．　Some　efforts　were　also　paid　to　the
fiexographic－printing　techni　ques　in　　order　to　　obtain　　an　　understanding　　o　f　the
technologica1　benefits　and　drawbacks　ofthe　different　p血ting　techniques．
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9．Aim　of重his　st“dy
Chapter　1
　　The　author　describes　the　general　introduction　of　this　thesis，　including　the　kinds　of
ingredients　such　as　photopolymers，　fUnctional　monomers　and　diluents．　Also　the　basic
mechanisms　concerning　the　rheology　of　filled　polymeric　liquid　are　presented．　Analytical
research・f　rhe・1・gy　and　apPlicati・n　f・r　flex・graphic　printing　in　the　field。f　the
UV－curable　inks，　which　are　the　target　application　of　this　stUdy，　aim　ofthis　study，　and　the
outline　of　each　chapter．
Chapter　II
　　Rheological　properties　of　UV　fiexographic（flexo）inks　were　investigated．　UV　flexo
susp　e皿sions　of　carbon　black　in　liqUid　mediun　t　having　various　binding　materials　such　as
acylate　pre－polymer，　di－／multi－fUnctiona1　monomer，　and　diluents，　were　used　as　samp正e
inks．　Inks　were　characterized　on　a　rheometer　in　terms　of　steady　and　dynamic　behaviors．
『There　are　many飴ct・rs・that・affect・rhe・1・gical　pr・pe丘ies・fUV釘ex。　i櫨，　such　as　the
fbllowing．
1）Shaking　Time
2）Chemical　Stnエcture
－　Nurnber　o　f　fUnctional　group
　　（Tri－acrylate，　Tetra－acryI　ate，　and　Hexa－acrylate）
3）Physical　Structure
－Two－dimensiona1（GPTA），　three－dimensionaI（TMPTA，　PETTA）
4）Viscosity　of　Liquid　Mediums（pre－polymer，釦nction田monomer）
5）Shaking　Method
6）Density　and／or　Diameter　of　Shaking　Media
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　　　1t　is　a正so　difficult　to　measure　the　magnitude　of　rheological　mechanism，　and　to
determine　the　superiority　of　the　factors　affecting　chemical／physical　interactions　and
rheological　properties．　These　interactions　depend　on　electric　and　chemica1　properties　of
the　pigment　particles　and　the　pigrnent－vehicle　interface，　such　as　surface　charge，　surfhce
potential　or　the　presence　of　a　surfactant　layer［3］．
In　order　to　investi　gate　and　determine　the　superiority　of　factors　affecting　rheological
properties　of　UV　flexo　ink，　we　carried　out　three　comparative　tests．
即ε伽ent　I
Rheological　property　was　in、vestigated　as　a　function　of　Shaking　time（30min，60min，　and
120min）；Oligomer－A（pre－polymer）and　TMPTA（multi－f㎞ctional　monomer），
respectively，　were　used．
Experiment∬
Rheological　property　of　UV　fiexo　ink　was　investigated　as　a　fimction　of　chemical
disparity　of　fUnctional　monomers（of　different　chemica1／physical　structures）；we　used
three　multi－fUnctional　monomers（TMPTA，　PO－TMPTA，　and　GPTA）and　pre－polymer
（Oligomer－A）．
即θr吻8班〃
The　irEfluence　Qf　viscosity　of　liquid　medium　with　pre－p。1ymer　was　investigated　using
two　pre－polymers（01igomer－A，01igomer－B）．　Multi－fUmctiona1　monomer　TM　PTA．　was
used　as　well　as　GPTA，　fbr　comparison．
Chapter　III
　　The　rheological　properties　of　UV　flexo　inks　were　investigated．　UV　flexo　suspensions
of　carbon　black　in　liquid　medium　containing　vari　ous　binding　materials，　such　as　acylate
pre－poIymers，　di－／multi－fUnctional　monomers，　and　diluents，　were　used　as　sample　inks．
The　inks　were　characterized　on　a　rheometer　in　ternis　of　steady　and　dynamic　behaviors．
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The　rheological　properties　of　polymer－pigment　systems　are　a　fUnction　of　some
interfacial　parameters　that　characterize　the　degree　of‘‘affinity”of　pigrnent　surfaces　to
the　polymer　medi㎜．　The　addition　of　pigments　into　liquid　medium　introduces
polymer－pigme且t　junctions　besides　the　poIymer－polymer　j　unctions　due　to　entanglement・
These　newly　created　junctions　arise　from　the　sorption　of　pigments　to　the　polymer
chains．
　　To　investigate　the　rheologicaI　behaviors　induced　by　interfacial　interactions　betWeen
ink　compo皿ents，　I　carried　out　two　comparative　tests　by　means　of　rheological
measurement．　Also　the　results　were　compared　with　tho　se　of　printing　tests　to　determine
the　relationship　between　printability　and　the　rheological　properties　of　UV　flexo　inks．
Chapter　IV
　　In　this　chapter，　the　relations　between　flocculated　structure　and　nonl量near　viscoelastic
propenies　are　investigated　according　to　the　influence　of　the　01igomer　and　pigments．
　　Since　carbon　black　particles　have　an　extremely　high　surface　activity　and　particles
ab　sorb　various　substances　on　the　particle　surface，　they　are　apt　to　agglomerate　with　each
other　and　then　to　con　form　three－dimensional　denser　network　structure．　Also　this
tendency　becomes　pronounced　with　decreasing　panicle　diameter．
　　In　order　to　investigate　the　effects　of　the　oligomers　and　carbon　black　on　the
flocculated　　structure　and　nonli皿ear　viscoe1astic　properties　of　UV－curable　圭nk
suspensions，　I　carried　out　the　two　types　of　the　rheoIogicaI　test　on　UV－curable　ir底
dispersion　by　means　ofthe　change　of　testing　temperature　ranging　from　30℃t。60℃．
Chapter　V
　　The　aim　of　the　present　stUdy　is　to　investigate　the　relationship　between　printability　and
the　rheological　behaviors　induced　by　the　interfacial　iIlteract量ons　between　different
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components　witllin　the　ink．　To　achieve　this　aim，　we　carried　out　rheological　tests　on　UV
ink　suspensions　and　compared　the　results　with　printing　tests　to　dete㎜ine　the
relationship　between　printability　and　the　rheological　properties　ofthe　ink．
　　Ialso　assumed　that　two　types　of　transferring　behaviors，　anilox　and　roll　transference，
are　related　to　the　rheological　properties　of　UV　flexo　ink．　In　ter1エ1s　of　anilox　transference
（tra皿sfer　from　the　aliilox　roll　to　the　p正ate　cylinder），　our　results　indicate　that　the
rebuilding　speed　of　an　ink　suspension　is　probably　related　to　the　ink－transfbrring　amount
of　the　anilox．1h　contrast，　the　roU　transference（transfer　from　the　plate　cylinder　to　the
printing　medium）appears　to　be　related　to　the　viscoe正astic　properties　of　the　ink
suspension．　The　results　of　the　roll　transference（transferring　weight　ofthe　ink，（％））are
prop　ortiona1　to　the　elastic　modUlus　G’　ofthe　ink　suspension．
Chapter　VI
Finally・the　author　concludes　this　thesis，　establisiment　of　the　rheological　analysis　of
UV－curable　ink　suspensio皿s　and　the　relati　onship　between　rheology　and　printablilty．
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Chapter　II
Rheological　Properties　of　UV－curable
　　　　　　　　Flexographic　Ink
Abstract
　　Rheological　properties　Qf　UV　flexographic（flexo）inks　were　investigated．　UV　flexo
suspensions　of　ca　rbon　black　in　liquid　medium　having　various　binding　materials　such　as
acylate　pre－polymer，　di－／multi－fUnctional　monomer，　and　diluents，　were　used　as　sample
inks．　Inks　were　characteri　zed　on　a　rheometer　in　terrns　of　steady　and　dynamic　behaviors．
　　In　order　to　understand　and　to　control　the　rheological　property　of　UV　flexo　inks，　I
must　determine　the　specific　rheological　properties　of　chemical　and／or　physical
interactions　of　their　components（pigments，　fhnctional　monomers，　and　pre－polymers）．
In　particular，　I　discuss　tilユe　influence　of　multi－fUnctional　monolners（TMPTA，
PO－TMPTA，　and　GPTA）and　the　relationship　between　the　rheological　property　and
tra皿sient　netWorks　formed　by　carb　o皿black．
1．Introductio皿
　　Understanding　the　pigmellt　blending　technique　and　the　photochemical　reaction　of　UV
flexographic（flexo）ink　in　the　printillg　system　is　very　important，　and　rheological
property　of　UV　flexo　ink　is　also　one　of　the　most　important　factors　in　realizing
hi　gh－qua玉ity　flexo　printin9・
　　In　recent　Iiteratしrre，　studies　have　reported　on　the　influence　of　surface　energetic
prop　erties　on　ink　transfer　in　flexo　printing　［1］．　Most　of　them　agreed　with　the　fact　that
the　surface　energy　of　the　plate　exerts　little　or　no　influence　on　ink　transfer．
Ludovic　et　a1．　reported　on止e　influence　of　transfer　characterization　of　six／seven　kinds　of
UV　fiexe　inks［1，2］．　Theil　study　provided　an　understanding　of　UV　flexo　inks　having
different　rheological　properdes　under　diffbrent　conditions　of　processes　such　as　printing
speed，　pressing　pressure，　and　cell　volume　of　aniIox．　Transfer　characteristics　are
probably　related　to　the　viscoelastic　properties　of　the　ink．　The　different　results　emphasize
the　fact　that　the　ink　composition　is　ofprime　importance　in　the　transfer　phenomena・
　　In　this　study，1　inve　stigate　the　interrelationships　between　rheological　properties　of　UV
flexo　ink　and　chemical　and／or　physical　interactions　of　their　components　such　as　pigment，
fUnctional　monomers（of　different　chemical　structUre），　and　pre－polymers．　In　this　system，
the　chains　of　pigment　pa　rticles　fonm　the　structure　and　the　fonnation　of　polymer　bridges
by　adsorption　on　a（lj　acent　particles，　wllich　gives　additiona正power　to　their　viscoとlastic
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’　　　　　　　　　　　　　　　　　　　ロ1nteractlons．
　　In　general，　the　decrease　in　viscosity　with　increasing　shear　rate　is　due　to　a　gradual
reduction　in　the　amount　of　‘structure’　in　tlユe　system．　However，‘the　structure’　i　s　affected
by　various　factors　related　to　the　transient　forming　force／type　of　network，　and　when
rheological　measurements　were　performed　ullder　two　testing　conditions（steady－state
measurements　and　oscillatory　regime）．
　　It　is　believed　that　there　are　two　main　factors　that　influence　the書ransient　network
formation．　The撫is　existence　and／or　nonexistence　of　propoxylated　parts　of　the
fUnctional　monomer，　which　is　probably　related　to　the　viscoelastic　properties　of　ink．　The
second　is　shaking　effTiciency　and／or　time．
Table　1．Formulations　of　ink　suspensions
wt％
Pigments（Carbon　Black） 13．0
01igomer 14．5
Muiti．fUnctlollal　mollomer 28．9
Di一釦nctiollal　monomer 30．3
Diluents 12．0
Dispersants 1．3
2．Experimental
2．1　Materials
　　The　pigment　powder　used　was　ca　rbon　black，　which　is　used　fbr　UV　flexo　ihks．　Carbon
black　has　a　BET　surface　area　of　95［m2／g］，　a　median　size　of　27［㎜］，　dibutylphthalate
（DBP）　abso】1）tion　of　60［cc］／100［g］，　a　chromaticity　of　155，　and　a　pH　of　35．
Pre－polymers　ofpolyester　acrylate　having　acrylate　group［Oligomer－A（Aronics　M－7100，
TOAGOSEI　Co．，　LTD．，　multi－acrylate　type，　viscosity：9［Pa・sl　at　25℃），01igomer－B
（Aronics　M－6100，　TOAGOSEI　Co．，　LTD．，　di－acrylate　type，　viscosity：0．3［Pa・sl　at
25℃）］，inulti－fuiictional　monomer［　Trkn　ethylol－propalle　triacrylate（TMPTA），
Trimethylol－propane　triacrylate，　modified　PO（PO－TM　PTA），　and　G1icerol　triacrylate，
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modified　PO（GPTA）］，　and　di－fUnctional　monomer［Tripropyleneglycol　diacrylate
（TPGDA）］　were　used　as　curing　components．　Acryloy1　morpholine（ACMO）was　used　as
diluting　agent．　Slosperse3900（Avecia　Co．）was　used　as　dispersing　agent．
22Preparation　of　UV　flexo　ink　suspension
UV　flexo　ink　suspensions　were　prepared　using　a　paint　shaker．　The　formulations　of　ihk
suspensions　tested　are　showli　in　Table　1、　Glass　bottles　of　100［mll　in　volume　were　used
as　miIl　vessels，　and　as　shaking　media，　ceratnic　balls（density：3．60［g／cm2］）　of　2［㎜］in
diameter　were　used．　The　materials　were　mixed　in　the　bottle，　and　milled　with　the　media
fbr　2　hours．
　　There　are　ma　ny　factors　that　affect　rheological　properties　of　UV　fiexo　ink，　such　as　the
f（）Ilowing．
　　1）Shaking　Time
　　2）Che］α1ical　Structure
　　　－．Nuniber　of　fUnctional　9roup
　　　　（Tri・－acrylate，　Tetra－acrylate，　and　Hexa－acrylate）
　　3）PhysicaユStructure
　　　－Two－dimensional（GPTA），　three－dimensiona1（TMPTA，　PETTA）
　　4）Viscosity　of　Liquid　Mediums（pre－polymer，　fUtnctional　monomer）
　　5）Shaking　Method
　　6）Density　arid／or　Diameter　of　Shaking　Media
　　　It　is　also　difficult　to　measure　the　magnitude　of　rheological　mechanism，　alld　to
determine　the　superiority　of　the　factors　affecting　chemical／physical　interactions　di）d
rheological　properties．　These　interact量ons　depend　on　electric　and　chemical　properties　of
the　pigment　partides　and　the　pigment－vehicle　interface，　such　as　surface　charge，　surface
potential　or　the　presence　ofasurfactant　layer［3］・
In　order　to　investigate　and　determine　the　superiority　of　fact。rs　affecting　rheological
properties　of　UV　flexo　ink，　I　carried　out　three　comparative　tests．
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Fig．1Chemical　structUres　of　multi－fhnctional　monomers
Experinzent　1
Rheolog量cal　preperty　was　investigated　as　a　fUnction　of　shaking　time（30min，60min，　and
120min）；Oligomer－A
respectively，　were　used．
（pre－polymer）and　TMPTA（multi－fumctional　monomer），
Experinzent∬
Rheologicai　property　of　UV　flexo　ink　was　investigated　as　a　f㎞ction　of　chemicaI
disparity　of釦nctiollal　monomers（of　different　chemica重／physical　structures）；Iused
three　multi－fUnctional　monomers（TMPTA，　PO－TMPTA，　and　GPTA）and　pre－polymer
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（Oligomer－A）．　Chemical　structures　ofmulti－fUnctional　monomers　are　shown　in　Fig．1．
Experiment　III
The　illfluence　of　viscoslty　of　liquid　medium　witll　pre－polynler　was　investigated　using
two　pre－polymers（Oligomer－A，　Oligorner－B）．　Multi－fhnctional　monomer　TMPTA　was
used　as　well　as　GPTA，　for　comparison．
Oligomer－A：A－（－XA－YA－）n－X－A
A：acrylic　acid（fUnctional　group）
X：polyhydric　alcohol
Y：polybasic　acid
Ol藍gomer－B：A－（－M－N－）n－M－A
M：dihydric　alcohol
N：dibasic　acid
2．3Evaluation　of　imk　s　ample
　　In　this　study，　all　measurements　were　carried　out　using　a　Rheometrics　Fluid
Spectrometer（RFS－II，　Rheometrics　Co．）with　couette　geometry．　Every　rheological
measurement　was　p　erformed　at　25℃and　repeated　3　times　for　reproducibility．
　　Iperformed　a正1　measurements　after　applying　the　steady　shear　rate　of　10　s’1　for　600　sec
as　a　pre－shearing，　The　steady　shear　measurements　were　performed　at　the　shear　rate
ranging　fr・m　O．1　s－1　t・100　s－1．
3．Results　and　Discussioロ
3．1．Shaking　time
　　The　shear　rate　dependellce　of　apparent　viscosity　fbr　UV　ink　suspension　is　evident　in
the　shear　thinning　behavior，　as　illvtstr・ated　in　Fig　3．
　　Carbon　black，　dispersed　in　UV　curing　Iiquid　medium　such　as　pre－polyIMer　and
fUnctional　monomer，　has　a　thick　absorbed　layer　and　structural　network［41．　The
absorption　amount　oftlle　layers，　which　is　closely　related　to　the　rheological　properties　of
ink，　seem　to　be　proportional　to　the　shaking　time（30min＜60min＜120min）．
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　　Fig．4shows　the　fi’equency　dependence　of　storage　modulus　Gりat　the　strain　amplitude
of　1．0％．　It　is　evident　that　Gりcorrelates　to　the　chemical　and　physical　interactions
between　pigments　and　between　pigment－liquid　medium．　These　interactions　depend　on
the　electric　and　chemical　properties　of　the　pigment　particles　and　the　pigment　vehicle
interface，　such　as　surface　charge，　surface　potential　or　the　presence　of　a　surfactant　layer
［3］．
　　Interchain　j　unctions　are　certainly　possible　for　polymers　with　associating　fUnctional
groups　when　chains　find　themselves　near　one　another　in　space．　It　is　less　clear　how　these
junctions　would　exist　among　charged　micells　that　have　no　specific　interacting　group．　Of
course，　micelles　can　become　attractive　just　like　any　other　colloidal　particles　if　they　have
overcome　the　electric　double－layer　repulsion　to　come　very　close　to　each　other．　Existing
transient　network　models　are　designed　to　descril）e　polymeric　systems　with　temporary
junctions（see　with　chapter　1）
　　Inn　and　Wang　reported　on　the　transient　netWork　model　for　a　multiphase　polymeric
fluid．　The　interactions　between　pigment　particles　and　the　continuous　phase　bring　about
the　formation　of　a　network　of　particles　and　aggregates　with　the　ink，　which　can　form　a
continuous　structure　with　time［5］．
（1）Type－A （2）Type－B
Fig．2Schematic　representation　of　transient　network　models　around　a　pigment
surface，　specified　by　two　different　kinds　of　interchain　j　unctions（（1）type－A：by　short
interchain，（2）type－B：by　long　interchain）
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　　If　associating　polymer　chains　fbrm　a　transient　network　with　pigment　in　ir敷
suspention，　thell　shear　flow　field　acts　only　to　defbrm　the　network　and　to　tear　it　apart　at
iligh　shear　by　producing　fi噛ee　chains．　This　Ieads　to　shear　thinning　alid　is　what　happens　at
high　concentrations，　Transient　netWork　structUre　is　very　usefUl　to　understand　the
rheological　properties　of　UV　flexo　ink．　I　suggest　here　that　two　types　of　tra皿sient
netWork　models　around　a　pigment　surface，　specified　by　two　different　kinds　of　interchain
ju皿ctions　due　to　the　Iiquid　medi㎜such　as　multi－ftll）ctional　monomer（short　interchain）
and　oligolner（long　interchain），　as　shown　in　Fig　2．
　　Results　of　dynamic　viscosityη’in　relation　to　the　transient　attraction　power　of　ink
suspension　reveal　the　intemal　structure　of　the　system，　as　shown　in　Fig．5．　Dynamic
viscosity　of　UV－curable　ink　suspensions　has　a　shear　thii　ning　behavior．　The　result
indicated　that　more　clear　difference　of　internal　structures　according　to　the　change　ofthe
shaking　time　are　shown　against　f士equency　arnplitude，　compared　With　the　result　obtained
加response　to　the　rate　of　shear，　as　shown　in　Fig．3．　In　the　case　of　UV－curable　ink
suspension　having　a　mixing　time　of　120min，　it　seems　that　the　interfacial　strength
between　components　is　significalltly　stronger　than　that　of　others（30　and　60min）．　It　is
considered　that　the　use　of　dynamic　tests　is　usefUl　in　finding　a　difference　of　intemal
structures，　when　1　compare　with　the　different　typ　es　o　f　UV一curable　ink　suspensions．
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Fig．3Apparent　viscosity　as　a　fUnction　of　shear　rate　fbr　UV　ink
suspension（dispersing　time：30min，60nlin，　and　1201ni11）
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Fig．　4　Frequency　dependence　of　stor町ge　modulus　G’　for　UV　ink
suspensions　at　the　strain　amplitUde　of　LO％（dispersing　time：
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Fig．5Frequency　dependence　of　dynamic　viscosity　fbr　UV　i！i！k
suspensions　at　the　strain　aエnplitUde　of　1・0％　（dispersipg　time：
30min，60min，120min）．
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3．2　lnfluence　of　multi－fUnctional　monomer
　　Flow　propenies　of　UV　flexo　ink　with　different　multi－fUnctional　monomers　are　shown
in　Figs．6and　7．　Three　kinds　of　UV　f王exo　ink　show　the　shear　thimiing　behavior．　Their
viscosities　are　clea　rly　different　at　a　shear　rate　ranging　froi〕ユ0．1　s－I　to　100　s“1．At　a　lower
shear　rate　ranging　frol皿0．1　s－1　to　I　O　s’1，the　viscosity　a血d　shear　stress　of　ink　suspension
with　GPTA　are　shown　to　be　of　higher　magnitude，　compared　with　PO－TMPTA．　However
this　tendency　of　magnitude　is　reversed　at　a　higher　shear　rate　ranging丘orn玉Os’1　to　100
s－1．The　result　indicated　that　the　structural　difference　of　the　ftnctional　monomers　i　s　one
of　the　main　reasons　resulting　in　the　various　response　of　rheology．　But，　it　is　also　diffricult
to　measure　the　magnitUde　of　rheological　mechanism，　and　to　determine　the　sup　eriority　o　f
the　factors　affecting　chemical／physical　i血teractions　and　rheological　properties・These
interactions　dep　end　on　el　ectric　atid　chemical　properties　of　the　pigment　particles　and　the
pigrnent－vehicle　interface，　such　as　surface　charge，　surface　potential　or　the　presence　of　a
surfactant　layer［3］．　It　was　expected　that　dynamic　tests　are　giving　more　interesting
findings　fbr　us　to　evaluate　a　difference　of　internal　structures・
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Fig．6Apparent　viscosity　as　a　fimction　of　shear　rate　fbr　UV　iiilk
suspensions　with　different　nユu正ti－fUnctional　znonomers　such　as
TMPTA，　PO－TMPTA，　alld　GPTA．
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Fig．　7　Shear　stress　as　a　fU皿ction　of　shear　rate　fbr　UV　ink
suspensions　with　di　fferent　multi－fUnctional　monomers　such　as
TMP　TA，　PO－TMPTA，　and　GPTA．
　　In　Fig．8the　storage　modulus　G，　of　ink　suspensions　with　different　kinds　of
multi－fUnctional　monomers，　is　shown　as　a　fUnction　of　f士equency，　at　a　strain　amplitude　of
5％．As　evident　in　the　figure，　for　the　frequency　magnitUde　rangin　g丘om　O．1　rad／s　to　10
ra（Ys，　a　non－linear　viscoelastic　regime　is　observed，　and　the　intemal　structure　of　the
system　is　disrupted　as　a　result　of　the　f士equency　applied．　Different　G’results　of　ink
suspensions　with　different　multi－ftmctional　monomers　seem　to　be　closely　related　to　the
transient　netWork　formatio皿in　the　system．　Especially，　atu’action　for。es　dependent　on
clectric　and　chemical　interactions　of　the　p量gment－vehicle　interface　are　correlated　to　the
physicochemical　differences　of　mUlti－fimctional　monomers，　as　shown　in　Fig．1．
　　It　is　believed　that　the　existence／nonexistence　of　propoxylated　parts　of　fUnctional
monomers　is　probably　related　to　the　viscoelastic　properties　of　ink　suspellsions、
Propoxylated　parts　of　GPTA　are　believed　to　help　in　the　formati。n　of　a伽slent　network
structure　and　polyrneric　bridges　by　adsorption　on　a（lj　acent　particles．　As　a　result，　G’of
ink　suspension　with　GPTA　is　higher　in　viscoelastic　property　than　that　of　others，　as
shown　in　Fig．8、
60
［ど］b
tO3
tO2
Strain　5％
101
P0－1
o
◇口
1
。9
　　　i
〒合
O◇
O◇
1
＿壌＿自＿ロ」耳．．．
O◇口
O◇口
　100　　　　　　　10t
Frequencyω［rad／s］
102
Fig．8Frequency　dependence　of　elastic　modulus　G’fbr　UV　ink
suspensions　with　diffヒrent　multi－fUnctional　monomers　such　as
TMPTA，　PO－TMPTA，　and　GPTA．，　at　the　strain　amplitude　of　5．0％．
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3．3　lnfiuence　ofpre，polymer
　　王11this　experiment，　the　decrease　in　viscosity　with　increasing　shear　rate　is　due　to　a
gradual　reduction　in　the　amount　of‘structure’in　the　system、　However，　various　factors
afffect　the　transient　network　fbrce　between　pigments，　and，　as　a　resuIt，　the　magnitude　of
rheo豆ogica夏properties　between　ink　samp呈es　has　shown　different　tendencies（steady－state
measurement　and／or　oscillatory　regime）．
　　It　is　believed　that　the　viscosity　of　liquid　medium　is　related　to　the　shakdng　efficiency
of　UV－curable　flexo　ink．　Thus　apparent　viscosi寸y　of　ink　suspension　usi1ユg　Oligomer－B　is
higher　than　that　of　others，　although　the　apparent　viscosity　of　Oligomer－B　is　lower　than
that　of　Oligomer－A，　as　shown　in　Fig　9、　In　addition，　it　is　another　difficult　reason　to
evaluate血e　magnitude　of　rheological　mechanism，　and　to　determine　the　superiority。f
the　factors　af丑ecting　chem、ical／physical　interacti　ons　and　rheologicaユproperties・
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Fig．9Apparellt　viscosity　as　a　fUnction　of　shear　rate　fbr　UV　hik
suspensions　for　different　liqUid　mediums．
On　the　other　hand，　dynamic　testing　results　show　dissimilar　and／or　different　tendencies
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for　the　viscoelastic　properties　of　ink．　In　this　case，　elastic　modulus　G’of　ink　suspension
with　GPTA　lias　a　higher　numerical　value　than　that　of　others　at　all　fi・equency　ranges，　as
showll　iII　Figs．10and　l　l．
　　Donnet　et　al．　explained　that　tlle　characteristics　of　viscoelastic　properties　of　ink
suspension　might　be　attributed　to　the　internal　structure　formed　by　dispersed　particles［5｝
They　refen・ed　to　this　effect　as　the“chain　effect”．　A　third　hydrodynamic　effect，㎞own　as
“interaction”　occuユ・s　when　dispersed　and　continuous　phases　interact　physically，
chemically，。r　mechanically．　Such　an　interaction　increases　the　effective　volume。f　the
dispersed　phase，　by　bondi皿g　ef’part　of　the　continuous　phase　to　the　particles．
　　The　ink　suspension　with　Oligomer－BITMPTA　shows　a　higher　elastic　modulus　G’
compared　to　that　with　Oligomer－AITMPTA．　Although　the　apparent　viscosity　of
OIigomer－BITMPTA　is　lovver　than　that　of　Oligomer－AITMPTA．　So　I　could　be　thought
that　some　different　properties　of　the　oligomer　such　as　molecular　weight（MW）and　Tg
are　more　closely　related　to　the　amount　of　interchain　junction　and　influenced　to　foll皿a
netWork　structure　with　pigrnent　in　ink　susp　ension．
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Fig．10　Frequency　dependence　of　elastic　modulus　G’fer　UV　ink
suspensions　with　different　liquid　mediums　at　the　strain　al皿plitude　of
l．0％．
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4．Co皿clusion
　　In　this　study，1量nvestigated　the　interrelationships　between　rheological　properties　of
UV　flexo　ink　and　chemical　and／or　physical　interactions　of　their　com、ponents．　ln　order　to
investigate　alld　detennine　the　superiority　of　factors　affecting　rheological　properties　of
UV　flexo　iiik，　I　carried　out　three　comparatlve　tests．
1）The　shear　rate　dependence・f　apParent　visc・sity　f・r　UV　ink　suspensi・n　sh・ws　shear
曲皿ing　behavi。r．　Transient　netW・rk　struc伽is　very　use釦l　t・㎜derstand血e
rheological　properties　of　UV　flexo圭nk
2）The丘equency　dependency・f　st・rage　m・du1us　G’　at　the　strain　aniplitUde　has　an
effect　on　the　existence／nonexistence　of　propoxylated　parts．　Existing　transient　network
models　are　de　sigrted　to　describe　polymeric　systems　with　temporary　j　unctions．　I　believe
that　two　typ　es　of　transient　network　model　s　ai’ouild　a　pigment　surface，　specifi　ed　by　two
different　kinds　of　interchain　j　unctions　due　to　the　liquid　medium　such　as　multi－ft！nctional
monomer（short　interchain）and　oligomer（long　interchain）．
3）Visc・elastic　pr・perties・f　UV　nex・ink　are　cl・sely　related　t・the幡ient
cr。ss．1i曲g　interacti・n　f・rmed　by　carb・n　black，　and　are　mainly　affected　by　the
variation　of　multi－fしmctional　monomers　and／or　pre－poIymers．
4）The　ink　suspensi。n　with　Olig・mer－B／TMPコrA・sh・ws　a　1廿gher　e童astic　m・dulus　G’
c。mpared　t・that舳01ig・mer－AITMPTA・Al止。ugh　the　apParent　visc。sity°f
Olig。mer－B／TMPTA・is・1・wer・than・that・f　Olig・mer－AITMPTA・lc・uld　be癒・ugh曲at
s。me　different・pr。pe丘ies・f　the・lig・mer　such　as　m。lecular・we董ght（MW）and　Tg　a「e
more　closely　related　t。　the　amount　of　interchain　j　uncti。n　and　infiuenced　to　for［n　a
　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　network stnlctuエe with pigment　in　ink　suspenslon・
65
References
1．L．　Fouche　and　A．　Blayo，　Transfer　Characterization　of　UV　FIexo　Inks，　TAGA
1）roceeding　2001，426
2．L．　Fouche，　Rheological　Characteristics　of　UV　flexo　IIlks，　TA　GA　Proeeed加g　2000，
774
3．P．　Shemユan，“、lndusかial　Rheology　”，1lcademie」Pアθ∬，197097
4．H．A．　Branes，　J．F　Hutton，　and　K．　Walters，‘～肋Introduction　to　Rheologゾ’，4tli　Ed．，
ELSE　VIER　SCIENCE　B。　V，1996
5．Yw．　hn　and　S．Q．　wang，　Transient　network　model　for　a　multiphase　polymeric　fluid，
Rheol．∠lcta，32，（1993）581
6．J．　Do㎜et　and　A．　Vbet，“伽伽Black－Physics，　Chemistry，　and　Elastomer
1～einf（）rc召ment”，1吻R（］EL　PE㎜1～，」INC．，1976
7．A．　Pekarovicova　and　J．　Pekarovic，　Water　Penetration　Dynamics　and　Flexo　Printability
of　Linerboard，　TA　GA　Proceeding　2002，709
8．M．　Laksin　and　S．　Chatt鋤ee，　Advances　in　UV／EB　Chemistry　and　Printing　Technology，
TA　GA　Proceeding　1999，194
9．NPIRI　Task　Force　on　UV　FIexo　ink，　The　Effect　of　UV　Flexo】hk　Viscosity，　Anilox
Ce1重Vblume，　and　Press　Speed　on　Print　Density　and　Dot　Gain，　TA　GA　Proceeding　1996，
86
10．A．　Castellanos　and　P．　Haak，　Characterization　of　Anilox　Rollers，　TA（］A、P’・oceeding
2001，788
11．A．　Pekarovicova，　J．　Pekarovic，　and　J．　Serafano，　Flexo　Printab量1ity　of　Publication
Grades－・Technical　Challenges　ofPublication　Flexography，　TA（］A」Proceeding　2001，98
12．」．D．　Turgis，　Quantitative　characterization　of　flocculation　in　UV－curable　1三quid　inks
by　viscosity－temperature　measurernents．　TA　GA　Procee（加g　2001，464
66
Chapter　III
Infiuence　of　lnterfacial　lnteractions　in　Re豆ation
　　　　to　Rheological　Variables　of　lnk　and　its
　　　　　　　　　　　　　　　Printability
Ab　stract
　　The　rheological　propeI寸ies　of　UV　flexographic（flexo）iIlks　were　investigated．　UV
flexo　suspensions　of　ca工七〇1）　black　in　liquid　medium　containing　vari　ous　binding
materials，　such　as　acylate　pre－polymers，　di－／multi－fUnctional　monomers，　and　diluents，
were　used　as　sample　inks．　The　inks　were　characterized　on　a　rheometer　in　terms　of
steady　and　dynamic　behaviors．　The　rheological　properties　of　polymer－pigment　systems
are　a　fU皿ction　of　some　interfacial　parameters　that　characterize　the　degree　of‘‘affinity”of
pigment　surfaces　to　the　polymer　medium．　The　addition　of　pigments　into　liquid　medi㎜
introduces　polymer－pigment　junctions　besides　the　polymer－polymer　junctions　due　to
entanglement．　These　newly　created　junctions　arise　from　the　sorPtion　of　pigments　to　tl　Le
polymer　chains．　In　this　study，1　found　that　the　frequency　dependence　of　storage　modulus
G，at　a　ce面皿strain御li加de　is　pr。portional　to　the　number　of　acryloyl　gr。ups　in血e
multi－fUnctional　monomer（TMPTA＜PETTA＜＜DPHA）．　The　chemical　difference　due　to
chain　length（TMPTA＜GPTA）is　another　factor　affecting　the　rheological　properties　of
UV　flexo　ink．　In　addition，　I　su㎜量se　that　a　transient　network　structure　is　fbmled　by
mechanical　interactions　that　are三nduced　by　the　addition　ofhigh　concentrations　of　small
solid　particles　such　as　carbon　black　to　a　polymer　or　a工皿ulti－phase　solution・In　such　a
system，　the　palticle　chains　form止e　network　structure，舳ou忠h止e　forrnation　of
polymer　bridges　by　adsorbi皿g　to　a（lj　acent　particles　is　another　possil〕ility．
1．Introduction
　　The　rheological　properties　of　pigment－polymer　matrix　systems　provide　important
information　on　the　processing　behaviors　of　composite　material　s．　In　order　to　understalld
and　control　the　rheolog量cal　properties　of　UV　flexo　inks，　I　must　determine　the　spec呈fic
rheological　properties　produced　by　the　chemical　and／or　physical　interactions　of　the　ink
components［1，2］．
　　1㎜．and　Wiang　reported　on　the　transient　network　model　fbr　a　mult量phase　polymeric
fluid．　The　interactions　between　pigment　particles　and　the　continuous　phase　bring　about
the　iもrmation　of　a　netWork　of　parti　cles　and　aggre　gates　within　the　ink，　which　can　forrn　a
conLtinuous　stmctuエe　with　time［3］．
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　　Pigment－pigment　attraction　fbrces　are　non－hydrodynanユic　in　nature．　These
non－hydrodynamic　interactions　depend　on　the　electrical　and　chemical　properties　of　the
particles　and　the　particle－fluid　interface，　such　as　surface　charge，　surface　potential，　or　the
presence　of　a　surfactant　layer［4］．
　　There　are　two　types　of　strands　in　the　network：the　p－strands　are　the　chains　betWeen
polymer－polynユer　junctions　and　　the　　f－stra皿〔ls　　are　　the　　chains　　bridging　　a
polymer－polymer』鰍浮獅モ狽奄盾氏@and　a　polymer－fi重ler（pigment）j　unction．　The　interfacial
interactions　betWeen　polymer　matrix　and　undeforrnable　pigments　control　the　level　of
pigrnent　contribution　to　the　stress　increment　by　influencing　the且ow　deformati。n　of　the
polymer　melts［3］．
　　The　characteristic　shear　thinning　behavior　is　phenomenologically　incorporated　into
血enetwork血odel　by　assuming　that　the　lifetime　of　a　strarid　is　shortened　upon　flow
deformation．　When　solid　pigments　are　dispersed　in　the　polyrner　matrix，　a　second卸e　of
strand，　called　filler　strand（fLstrand），　is　created，　with　one　end　comecting　to　an
entanglement　point　and　the　other　end　terminating　at　a　pigment　surface．
　　The　breakage　rateβf　of　a　pigment　strand　between　a　polymer　entanglement　and　a
polymer－pigmenLt　adsorption　site　is　given　by
fβ
1
十
1
τP τs
τs：Relaxation　tirne　ofpigment－polymer
　　Junctlons
τP：］Lifetime　ofpolymer－polymer　j　unctions
［1］
It　is　argued　that　the　interfacial　characteristics　depend　not　only　on　the　strength・of　the
direct　adhesive　interaction　at　pigment－polymer　interfaces，　but　al　so　on　the　strength　of　the
poIymer－polymer　interaction　in　the　bUlk．　The　calcu正ations　by　Inn　and　Wang　indicate　that
at　a　fixed　volume　fraction　ofpignients，　the　viscosity　increment　may　differ　depending　on
the　interfacial　strengtli　and　that　interfacial　interactions　can　be　modified　by　either
pigment　surface　treatment　or　change　of　molecular　weight　of　the　polymer　matrix『3］．
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In　spite　of　the　numerous　rhe。logica1　stUdies　carried　out　over　the　years，　it　is　still　not
possible　to　state　precisely　the　characteristics　that　will　ensure　good　printlng　quality　of
UV　fiexo　ink．　However，　the　printability　has　a　close　relationship　with　the　rheological
properties　of　UV　flexo　ink．
　　To　investigate　the　rheological　behaviors　induced　by　interfacial　interactions　between
iiilk　components，　I　carried　out　two　comparative　tests　by　means　of　rheological
measurement．　Also　the　results　were　compared　with　those　of　printing　tests　to　dete㎜ine
the　relationship　betWeen　printability　and　the　rheological　properties　ofUV　flexo　iliks．
2．Experimental
2．1　Materials
　　The　pigrnent　powder　used　was　carbon　black，　which　is　used　fbr　UV　flexo　inks．　Carbon
black　has　a　BET　surface　area　of　95　m2／g，　a　median　size　of　27㎜，　dibutylphthalate
（DBP）absorption　of　60　cc／100　g，　a　chromaticity　of　155，　and　a　pH　of　35．　Pre－polymers
of　polyester　acrylate　having　acrylate　group［Oligomer－A（Aronics　M－7100，　TOAGOSEI
Co．，　LrD．，　mUlti－acrylate　type，　viscosity：9Pa・sat　25℃），　multi－functional　monomer
［Trimethylo1－propane　triacrylate（TMPTA），　Pentaerythritol　tetraacrylate（PETTA），
Glicerol　triacrylate，　mo　dified　PO（GPTA），　and　Dipentaerythritol　hexaacrylate（DPHA）ユ，
and　di－fimctional　monomer［Tripropyl　eneglycol　diacrylate（TPGDA）｝were　used　as
curing　components．　Acryloyl　morpholine（ACMO）was　used　as　diluting　agent．
Slosperse3900（Avecia　Co．）was　used　as　dispersing　agent．
Table　1．　Formu】ations　ofl皿k　suspensions
wt［％］
Pigments（Carbon　Black） 13．0
01igomer 14．5
Multi－fhnctional　monomer（4　types）28．9
Di－fUnctional　lnollomer 303
Dlluents 12．0
Dispersants 1．3
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2、2Prepa1・ation　ofUV　flexo　ihk　suspension
　　　Four　types　ofUV　flexo　ilik　suspensions　am’e　prepared　using　a　paint　shaker．　The　base
forniuIations　tested　are　shown　in　Table　1．　Glass　bottles　oftube　type（diameter：36．0㎜n）
of　110ml　in　volume　were　used　as　mill　vessels　to　gain　high　mixing　eff三ciency，　and　as
shaking　media；ceratnic　balls（density：3．609／cエ皿2）of2㎜in　di㎝eterwere　used．　The
material　s　were　mixed　in　the　bottle，　and　milled　generally　with　the　media　at　2　hours．
　　Experiment　I
　　Rheological　property　was　investigated　as　a　fUnction　of　rnixing　time（2　hours，4hours，
and　6　hours）；Oligomer－A（pre－p　olymer）and　DPHA（multi－fUnctioIlal　monomer），
respective正y，　were　used，
　　琢ρε翻θ初∬
　　Rheological　property　of　UV　flexo　ink　was　investigated　as　a　fUnction、　of　chemical
disparity　of　fUnctional　monomers：Iused　four　multi－fUnctional　monomers；（TMPTA，
PETTA，　GPTA．，　and　DPHA）and　pre－polymer（Oligomer－A）．　Chemical　structures　of
multi－fUnctional　monomers　are　shown　in　Fig．1．
2．3Evaluation　of　ink　sample
　　工nthis　study，　all　measurements　were　carried　out　using　a　Rheometrics　F正uid
Spectrometer（RFS－II，　Rheometrics　Co．）with　couette　type　geometry，　Every　rheological
measurement　was　perfbrmed　at　25℃and　repeated　3　times　fbr　reproducibility、
Generally，　the　three　curves　were　superimposed．
1　petf・imed　al正measurements　after　apPlying　the　steady　shear　at　10　s”　f・r　600　sec　as　a
pre－shearing．　The　steady　shear　measurements　were　perfomied　at　the　rate　of　shear
ranging丘・m　O．1　s“l　t・100　s暫1．
　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　ロ　　　　　　　　　　　　　　　　ロ　　The　strain　dependence　of　the　storage　modulus，　G’was　examined　m　straln　reglon
between　O，1％and　100％at　an　angu重ar　fヒequency　O．1　and　10　rad／s，　respectively・The
丘equency　dependence　of　storage　modulus　and／or　dynamic　viscosity　was　rneasured　in
the　frequency　amplitu．de　region　between　O．1　a皿d　100　rad／s　at　the　strain　range　between
1％and　40％．
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Fig．1Chemi　cal　structures　of　multi－fUnctional　monomers．
The　stress。vergr。Wth（structUral・rec・very）measurements　were　perf・rmed　at　10　s”・f
the　steady　shear　after　vari・us　rest　peri・ds　ranging　fr・m　4　t・2500・sec・after　10・s’】・ftlLe
steady　shear　fbr　600　sec．
　　There　are　several　methods　to　evaluate　the　velocity　of　structural　recovery．　RES
Cartright　pr・P・sed　a　thix・tr・pic　index　de且ned　by　the　sl・pe　in　the　relati・n　between（σ
m、x）12　and　t，m。σ　m、x　is　the　peak　value・f　s廿ess・A・de　Waele　pr・P。sed　a　l・gar圭thmical
pl・t・f∠σagainst　rest　time，　t，．∠σ（σ・m・x一σ・q）is　the　stress　9r。vvth　and　is　given　by
the　di　fference　b　etween　a　maximum　value　arld　equilibrium　value　before　the　rest　p　eriod、
On　the　slope　of　curve，　the　velocity　of　structural　recovery　can　be　discussed［5－7］・
　　In　this　study，　I　have　made　the　RRS　Cartright　plots　fbr　our　experimental　results．　The
value。f（Aσ）1！2　is　calculated　by　subtracting　the　equilib伽value。f　stress　f「・m　the
peak　value・蝕e　s甘ess．　With　in。reasing　standing　tinユe・the　fl・cculated　structure
becomes　denser　with　increasing　ts112［8］．　However，　experimental　resul£s　are　plo賃ed　by
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the　value　of（∠1σ）and　ts．　Because　the　peak　value　of　the　stress　of　flexo　irゴk　is　shown
lower　scale　of　the　stress　than　that　of　offset　one．
（〒o①の）←
Time
（8）b
．邑匿●－冒，■●■・，昌，，■●軸●．●，●●●一．i」 ●●●●一
冨oE
⇔
『oo
丁ime
Fig．2Experimental　m・de　f・r　the　measurement。f　stress　gr・Wth
（S伽LCtUral　reCOVery）
2．4　Transfer　tests
Tw。　types・f　behavi・rs，　ink　transfer　phen・mena，　which　seem　t・be　related　t・血e
rhe。1。gical　pr・perties。fUV且ex・ink．　One　is㎞1・x　transference；　transfer　fr・m証1°x
r。ll　t。　plate　cylinder，　the・ther　is　r。11　transference；transfer　fr・m　plate　cylinde「t°
printing皿edi㎜．　Which・seem・t・be　required　t・different　transferring　pr・pe並ies。f　ink’
rheologically．
Printing　experiments　were　carried・ut・n・tW・types・flGTtests：Cl　usual正y　dedicated
to　offset　tests　and　F　1，　specifically　dedicated　to　flexography．　Every　measurement　was
performed　at　25℃and　repeated　10　times　for　repr。ducibility．
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CI　tes重er
Tester　description
The　m鋤or　elements　of　this　tester　are　a　printing　cylinder，　an　inking　unit　with　elastor喚er
distribution　roller，　and　the　printing　unit．　The　printing　Pressure　can　be　gradually　adjusted
f士om　100　to　1000　N．　The　printing　speed　is　constant　oll　this　tester（0．3　nソs）．
Test　procedure
・Inking　of　the　di　stribution　roller（2　minute）
・Weighing　of　the　printing　cylinder（without　ink）
・Inking　ofthe　printing　cylinder（l　minute）
　・Weighing　of　the　printing　cylinder　after　in］k：ing
　　and　befbre　printi皿g
・Printing　on　sub　strate
　・Weighing　of　the　printing　cylinder　after　printing
The　printing　pressure　selected　for　our　experiments　was　300　N　Transferring　rate　of　the
ink　measured　with　an　electrical　balance．
Ii「1　tester
Tester　description
The　tester　c。mp。sed・fa・ceramic・ani1・x　r。ller（70・line／cm・and・O・83　mVm2　cell　v・正㎜e）・
adoctor　blade　with　an　angle　of　60°，　a　printing　cylinder　covered　by　the　photopolyrner
plate，　a　rubber　printing　cylinder　and　a　substrate　carrier．
The　following　para　meters　are　a（lj　usted　on　the　tester
・The　printing　speed：0．3　m／s．
・The　inking　pressure（betWeen　the　anilox　and　the
　　pl　ate）：200　N．
・The　printing　pressure（betWeen　the　piate　and　the
　　substrate）：300　N
The　printing　quality・f　the　printed　samples（PET・film　was　used）was　evaluated　with　an
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image　analyZer．
3．Results　and　Discussion
3．1Flow　properties
　　At　low　deformation　rates，　the　stress　is　dominated　by　the　non－hydrodynam1c
interactions　of　the　particles．　At　high　deformation　rates，　the　stress　is　dominated　by
inter・・pa　rticle　hydrodynamics，　which　is　dependent　on　the　rheological　behavior　of　the
suspending　fluid　and　the　aエra皿gement　of　the　particles［4］．
［の
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Fig．3Apparent　viscosity　as　a　fUnction　of　shear　rate　for
UV　flexo　ihk　suspensions（mixing　time：2　hours，　4　hours，
and　6　hours）．
　　The　shear　rate　dependence　of　the　apparent　viscosity　fbr　UV　flexo圭nk　suspenslons
exhibits　the　shear　thinning　behavior，　as　showll　in　Figs．3and　4．　Carbon　black・dispersed
in　UV　curing　liqUid　medium　containing　olig。mers㎝d㎞ctional　monomers，　seems　t。
induce　dhe　formati。n　of　a血ick　adsorption　layer　and　increase　the　rigidity　of　the
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structural　network　with　the　increase　of　the　mixing　time　of　the　ink　suspension　fヒom　2　h
to　6　h．　The　thrree　types　of　UV　flexo　ink　suspensions　show　a　clear　difference　in　the
apParent　visc・sity　in　the　shear　rate　range・f　10－1　s’］　t・10°s帽1，　alth。ugh　they　have　the
same　chemical　composition　ofthe　dispersing　liquid　medium．
　　At　higll　defbrmation　rates，　the　stress　is　dominated　by　inter－particle　hydrodynanrtcs，
which　is　dependent　on　the　rheological　behavior　of　the　suspending　fluid（apparent
viscosity　of　multi－fUnctional　monomers：GPTA〈TMPTA〈PETTA＜＜DPHA）and　the
arrangement　of　the　particles［4ユ．　At　the　region　influenced　by　fhe　hydrodynamic
interaction，　The　fbur　types　of　UV　flexo　ink　suspensions　exhibit　a　difference　in　the
apParent．visc・sity　in　the　shear　rate　range・f　10i　s－i　t・1　02　s’1　，　alth。ugh　they　have　similar
apParent　visc・sities・f　ink　suspensi・ns　in　the　shear　rate　range。f　10－’s－1　t・10°s’Ls，　as
shown　in　Fig．5．
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Middle　shear　ra電e
Transient（flocculated）
structure　of　netvvo「k
Trapped　medium
High　shear　rate
Fig．　4　Schematic　diagrarn
structure　in　flow　fields
1ncreased
viscosity
Decreased　viscosity
Shear　thinning
behavio「
of　trallsient　network
Therefore，　the　formation　of
the　　thi　ck　　adsoq）tioll　　l　ayer
between　　pigrnents　　and　　the
increase　in亡he　e玉astic　r至gidity
of　　the　　structural　　network，
which　are　closely　rela重ed　to　the
interaction　　　　　fbrce　　　　　of　．
non－hydrodynaエnic　　　regimes，
with　the　increase　of　the　mixing
time　of　the　ink　suspension，
seern　to　l〕e　correlated　to　the
variation　　　of　　the　　storage
modulus　（Gり　of　tlle　ink，
suspensions　over　the　fi’equency
range・f　IO’1　rad／s　t・10°rad／s，
as　shown　in　Fig．6．
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Fig．5　Apparent　viscosity　as　a　ftmction　of　shear　rate　for　UV　flexo
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Fig．6Frequency　dependence　of　storage　modu1us　G’for　UV　flexo　ir虹k　suspension
with　DPHA（mixing　time：（A）2hours，（B）4　hours，　and（C）6hours）．
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3．2Frequency　Depe且dence　of　Storage　Modulus　G’
　　The　f士equency　dependence　of　G’at　the　strain　atnplitude　of　1・0％in　Fig・7shows　that
G’is　proportional　to　t1ユe　number　of　acryloyl　groups　in　the　muki－functional　monomer
（TMPTA＜PETTA＜＜DPHA）．　It　seems　that　the　acryloy1　groups　fUnction　as　absorption
points　in　the　system［9，10］．　These　interaotions　depend　on　the　electric　and　chemical
propert董es　of　the　pigrnent　particles　arld　the　pigment－vehicle　interface，　such　as　surface
charge，　surface　potential　or　the　presence　of　a　surfactant　layer［11］・
　　In．　addition，1　found　that　the　chemical　difference　caused　by　chain　lengtli（propoxylated
parts）is　another　factor　affecting　the　rheological　prop　erties　of　UV　flexo　ink［1ユ．
　　GPTA，　a　tri－fUnctional　monomer，　has　three　acryloyl　groups，　similar　to　TMPTA・
However，　G’of　the　ink　suspension　With　GPTA　is　higher　than　that　of　the　ink　suspension
with　TMPTA．　It　is　speculated　that　the　propoxylated　parts　in　GPTA　are　use細fbr　the
formation　of　a禰sient　network　structure　that負mction　as　polymeric　bridges　by
adsorbing　to　a（ij　acent　particles．　However，　its　interfacial　interaction　is　weaker　than　tho　se
ofthe　other　monomers，　as　shown　in　Figs．8and　10．
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3．3Strain　dependence　of　storage　modulusα
　　Figure　g　shows　tlle　strain　dependence　of　G’at　two　frequency　amplitudes：（A）0．1
rad／s　and（B）10　rad／s．　I　found　that　structural　illterruption　between　ink　components
against　flowing　occurs　up　to　the　certain　point（a　critical　strain　point）of　strain　existing
between　10曹直％and　100％，　after　that　of　critical　point　elastic　rigidity　of　G’is　decreased
markedly　with　increasing　strain．　This　means　that　the　structural　networks　are　going　to　be
gradually　breakdown　with　increasing　strain、
　　Pigment－pigment　attraction　fbrces　are　non－hydrodynamic　ill　nature［4］，　and　depend
on　the　electric　and　chemical　properties　of　the　pigment　particles　and’the　pigment－vehicle
interface，　such　as　surface　charge，　surface　potential　or　the　presence　of　a　surfactant　layer
［111．The　hydrodynamic　fbrces　applied　to　the　particles　by　the　stress　in　the　fluid　do　not
influence　them［12］．
　　The　rheology　of　pigment－polyrner　matrix　systems　depends，　in　a　very　complex　way，
on　the　structural　states　of　the　particles　and　the　fluid．　However，　there　seem　to　be　limiting
flow　regimes　for　which　the　flow　behavior　might　be　expressed　in　a　simplified　fbrm．　At
Iow　deformation　rates，　the　s仕ess　is　do曲ated　by　the　non－hydrodynamic　interactions　of
the　particles．　At　high　de飴mation　rates，血e　stress　is　dominated　by　inter－particle
hydrodynarnics，　which　depends　on　the　rheological　behavior　of　the　suspending　fluid　and
the　arrangement　ofthe　particl　es［4］．
　　In　pigment－polymer　matrix　systeエns，　the　non－h、ydrodynamic　interactions　relax　very
slowly　and　seem　to　give　rise　to　the　flow－induced　structure　over　the　very　low　strain　range
（f士om　10’1％to　100％），　whereas　the　hydrodynamic　interactions　relax　quickly　and　seem
t。give　riset。　the・structUral・breakd・wn。ver止e　high　strain　range（丘・m　10°％t・102％）・
It　is　believed　thaf　this　flow　dynamics　is　correlated　with　the　strain　dependence　of　G’．
It　is　evident　that　the　difference　in　the　results　of　G’is　closely　related　to　the　different
deformati。n　tensors。f　the　filled　polymer　matrix，　the　properties　of　which　seem　to　be
related　to　the　attraction　force　expressed　by　such　te㎜s　as　Tp　andτ5，　between　ihk
suspensi・ns　with　DPHA　and　th・se・With・GPTA・As　a　result，　the　magnitudes。fσ・ft1・e
ink　suspensi・ns・with・DPHA・at・d・GPTA・sh・w　reversed　tendencies　at　frequencies・f　O・1
and　10rad／s，　as　shown　in　Fig．10。
　　　In　this　experiment，　I　found　that　this　tendency　of　G’is　also　closely　related　to　the
伽sient　cross－linking　interaction　formed　by　pigment－pigment　attraction　forces・In
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particular，　the
　　attraction　fbrces　that　depend　on　the　electric　and　chemical　properties　of　the
pigment－vehicle　interface　are　related　to　the　properties　of　the　multi－fUnctional　monomer
（TMPTA，　PETTA，　GPTA，　and　DPHA）．
（A）
1’，m）・
Tube－type　Associating　zone
（C）
　　　　　　　　　　　τv：多
忘・庵露垂；畷・’厘
　　　　　　　　　τP　τP
　　　　　　　　　　　　　　　　τ励
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Fig．10　Schematic　representation　of血ee　dimensional　networ㎞g　models
concerning　transient　network　betWeen　pigment　surfaces，　specified　by　two　different
interchain　j　mctions，　which　junctions　are　combinedξm4　have　more　complicate
associating　Polymer　melt・
The　number　of　acryloyl　groups　of　the　multi－fUnctional　monomer（TMPTA＜PETrA
＜＜DPHA）are　directly　related　to　transient－network　strength　of　the　associating　polymer
melt．　It　seems　that　the　acryloyl　groups　fUnction　as　absorption　points　in　the　system［9，
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d
（propoxylated　parts）is　anoth．er　factor　affecting　the　rheolog量cal　properties　of　UV　flexo
ink［11．　It　is　speculated　that　the　propoxyiated　parts　in　GPTA　are　usefu1　for　the　formation
of　a　transient　network　structure　that　fUnction　as　polymLeric　bridges　by　adsorbing　to
a（1j　acent　particles．　Also　it　is　believed　that　tlle　existenc亭of　propoxylated　parts　help
retarding　the　relaxation　of　netWork　structUre　on　the　tube　zone（Fig．10）．　Although，　lt　is
less　clear　how　these　j　unctions　would　exist　among　charged　micelles　that　have　no　specific
lnteractlng　groups・
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Fig　ll　Plots　of∠」σ　vs．　ts　for　UV　flexo　ink　suspensions
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3．4Measurement　of　thixotropy
　　The　occurrence　of　thixotropy　implies　that　the　flow　history　must　be　taken　into　account
in　predicting　fi・w　behavi・r．　This　pr・perty・fink　has　been　the　subject・f　many　stUdies
fbr　several　decados．　The　ultimate　goal　of　such　tests　as　the　gradual　recovery　of　structure
teSt　i　s　to　predict　the　performance　of　ink　in　the　printing　pro　cess．
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　In　the　case　of　the　recovery　of　f【occulated　structures，　the　rebuilding　speed　of　network
stmctures，　the　properties　of　which　are　closely　related　to　the　number　of　acryloyl　groups
in　the　multi－fUnctional　monomer，　is　very　important，　because　their　disparity　of　chemica1
structure　seems　to　play　an　important　role　between　components．　The　rebuilding　speeds　of
TMPTA，　PETTA　and　DPHA（TMPTA＜PETTA＜＜DPHA）are　hi　gher　than　that　of　GPTA，
which　are　influenced　by　the　existence　and！or　chemical　entanglement　of　the
propoxylated　parts，　as　shown　in　Fig．11．
3．5Printability
　In　this　stud）㌧Iassumed　that　two　types　of　transferring　behaviors，　anilox　and　roll
transference，　are　correlated　with　the　rheological　properties　ofUV　flexo　ihk．
　Anilox　transference　involves　transfer丘om　anilox　roll　to　plate　cylinder．　On　the　basis
of　the　resUlts　in　Figs．11　and　12，　we　sumi　se　that　the　rebUilding　speed　of　ink　suspension
is　related　to　the　ink　transferring　rate　of　anilox．
剣
＿．＿＿．＿一渣曇甲藁茜葭鴇慧一』」』
Fig．12　Anilox　transference　of　UV　flexo　舳【suspension
tested　by　IGT　p血tability　tester　F　l（p血ting　medi㎜：PET
Roll甘ans飴rence　involves伽s飴r丘om　plate　cylinder　to　printing　medium．1　assume
that　this　property　is　correlated　with　the　viscoelastic　properties　of　the　ink　suspension．　As
shown　in　Table　2，　roll　transference（transferred　amount　of　ink，％）is　proportional　to　G’
of　the　ink　suspension　shown血Fig・7・
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Table　2　Results　of　roll　transference　tested　by　C　1
Transfbrred且mount　of　i轟k，　g／m2Trallsfbrred　fract董on　of　illk，　wt％
DPHA 3，024 50」
GPTA 2，734 44．1
TMPTA 2，375 41．8
PETTA 2，513 39．6
4．Conclusions
　　Iinvestigated　the　rheological　properties　of　UV　flexo　inks　from　the　viewpoint　of　the
re玉axation　mechani　sms　existing　1）etween　the　paエticles　a且d　the　part量cle－fluid　interface・
1）C訂b。n　black　dispersed　in　UV　c曲g　1｛quid　medium　c・ntai醜・lig。mers　and
釦醸ional　monolners，　seems　to　induce　the　formation　of　a　thick　adsorption　layer　and
increase　the　elastic　rigidity　of　the　structura圭network　wi｛h　the　increase　of　the　mixing
t1me　of　the　ilik　suspension．　Thus，　the　three　types　of　UV　ink　suspe皿sions　ex1玉ibit　a　c1ear
difference　in　apParent　visc・sity，　alth・ugh　they　have　the　same　chemical　c・mp・siti。n・f
the　d｛spersing　liquid　medium・
2）The　existence・fpr。P⑪xylated　parts　in　GPTA　is　usefUl　f・r　the　f・rmati・n・f　a　tra・・sient
network　struoture　that㎞ction　as　polymeric　bridges　by　adsofb量ng　to　a街acent　particles．
However，　its　interfacial　interac重ion　is　weaker　t批m　those　of　TMPTA，　PETTA，　and
DPHA．
3）The　magn量tudes。f　G’・f　the　ink　suspensi・ns・with・DPHA・and　GPTA・sh・w　reversed
tendenc量es　at　frequency　amp1itudes・f　O．1　and　IO　rad／s，　as・bserved　in　Fig・9・玉t童s
evident　that　ink　suspensions　with　DPHA　a琵d　GPTA　haVe　different　defornユation　tensors
in　their　圭nterna正　structures．　Consequently，　an　1n－dep重h　understanding　of　interfacial
attracti。n，　which　c。uld　be　expressed　by　such　terms　as　Tp　and　Ts・is・f　fU・tdamental
irnportance　fbr　the　design　and／or　preparation　of　UV　curing　ihk・
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4）The　rebuilding　speed　of　network　structures　is　very　important．　I　surrnise　that　this
property　is　c董osely　related　to出e　chernical　compositioll　of　the　liquid　med量um，　such　as
the　number　of　acryloyl　groups　in　the　multi－fUnctional　monomer．
5）Ihypothesize　that　the　tWo　types　of　transferring　behaviors，　anilox　and　rolI　transference，
are　correlated　with　the　rheological　properties　of　UV　flexo　ink．
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　　　　　　　　　　　　　　　　　　　　　　　Chapter　IV
Rheological　Analysis　of　UV－cura『ble　Ink
　　　　　　　　　　　Suspension
Abstract
　　The　rheological　properties　of　UV－curable　illk　suspensions　were　investigated．
UV－curable　in1（suspensions　of　carbon　black　in　liquid　medium　containing　val・ious
binding　materials，　such　as　acylate　pre－polymers，　di－／multi－fUnctional　monomers，　and
diluents，　were　used　as　samp1e　iiiks，　The　inks　were　characterized　on　a　rheometer　in　temユs
of　steady　and　dynamic　behaviors．　Also　I　have　eva玉uated　the　relations　between
flocculated　structure　and皿onlinear　viscoelastic　properties　usilユg　UV－curable　ink
suspension　of　carbon　black．　Sinee　carbon　black　particles　have　an　extremely　high　suir　face
act量vity　and　particles　absorb　various　substances　on　the　particle　surface，　they　are　apt　to
agglomerate　with　eaoh　other　alld　then　to　confbrm　three－dimensional　denser　network
structure．　Also　thi　s　tendency　becomes　pronou皿ced　with　decreas　ing　particle　diameter．
1．Introduction
　　Rheologica正properties　of　suspensions　greatly　depend　on　the　degree　of　floccUlation．
The　flocculated　stl11cture　depends　oll　the　shape，　size，　and　surface　characteristics　of　tlle
dispersed　particles　alld　also　on　the　interaction　between　the　disperse　med1um　and　the
particIes．　The　structural　density　is　also　a　fUnction　of　volume　fraction　of　disperse
partic｝es．
　　The　interaction　between　pigment　particles　and　the　continuous　phase　bring　about　the
formation　of　a　netWork　o　f　p　articles　and　aggregates　Wimin　the　iiik，　which　can　proceed
with　time　to　form　a　continuous　s血cture．　As　t｝pical　in　thixotropic　materials，極s
structure　is　broken　down　during　flow　with　f正occUl　ation　and　restorati　on　once　again　at　rest．
The　process　of　breal（down　and　buildup　of　the　network　is　of　great　importance　because
inks　should　have　good　flow　properties　befbre　reaching　the　blade，　although　a　network
structure　is　required　in　the　final　coating　Iayer［1］・
　　To　define　the　rheological　features　of　most　printing　inks，　I　have　to　use伽te㎜s
viscopIastic，　shear　thinning（pseudoP工astic），　viscoelastic，　and廿lixotropic・Viscoelasticity
implies　the　existence　of　a　yield　stress，　which　is　related　to　a　technical　characteristic
called‘‘shortness”：an　ink　is　rated　short　or　lo1ユg　depending　to　how　long　a　filament　can　be
pulled　out　on　a　spatUla　without　breaking［2］・
　　Thixotropy　has　been　observed　fol’many　years，　but　the　physical　mechanisms
goveming　it　are　still　poorly　identified．　Nevertlleless，　an　Understanding　of　the
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mechanisms　that　cause　this　complex　rheo玉ogical　behavior　at　I皿esoscoP董c　scale圭f　of　vital
importal）ce　whell　using　such　materials　a皿d　in　controllillg　the　industrial　processes　ln
which　they　are　involved．】h　deed，　the　entities　dispersed　in　the　matrix　medium　of　such
systems　fbrm　aggregates　under　the　effect　of　attraction　and　repulsion　fbrces　that　may
give　rise　to　a　continuous　aggregated　structure　throughout　the　available　bulk　of　the
sample［3］．
宕喰3国2ヨo＞
O正δ回畠q》
FREl…
VOLUME
　　　　　Tg
了EMPERA’丁URE
Fig　1．　Reduction　of　molecular　weight　or　addition　of　reactive　solvent
wilI　shift　Tg　to　lower　temperatures　so　that　the　fヒee　voIume　at　the
temperature　of　viscosity　will　be　1arger．
　　Oligomer　characteristics　to　be　discussed　include　molecular　weight　and　glass
tra皿sition　temerature，　T呂，　molecular　weight　distribution　alld　fUnctional　group　content。
The　reason　that　molecular　weight　reduction　helps　achieve　application　viscosity　at　high
solids　is　clarified　by　the　physical　description　of　flow　associated　with　the　free　volume
concept．　As　shown　in　Fig．1，free　volume　increase　above　Tg．　The　increase　is　attribute　to
segmental　motion，　wh量ch　creates　sub－microscopic　voids　cal董ed　holes．　Viscosity　is
considered　to　be　the　product　of　these　two　factors．　Effectiveness　fbr　viscosity　reduction
by　various　solvents　is　probably　best　through　of　in　tenn　ofTg　reduction・Consideration　of
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solvent－polymer　oligomer　interactions　is　an　important　part　of　Erickson’s　semi－empirical
analysis　of　viscosity　versus　concentration　data　for　UV－curable　oligomcrs［4］．
　　The　rheoIogical　properties　of　pigment－polymer　matrix　systems　provide　important
information　on　the　processing　behaviors　of　composite　materials，　In　order　to　understand
and　colltro　I　the　rheologi　ca正properties　of　UV　fiexo　inks，1　must　be　able　to　determine　an
accurate　aiialysis　of　specific　rheological　properties　produced　by　the　chemical　and／or
physical　interact玉ons　of　the　ink　comp　onellts［5，61．　In　spite　of　the　numerous　rheological
studies　of　UV－curable　inks　carried　out　over　the　years，圭t　is　sti1正not　possib正e　to　state
precisely　the　analytical　research　that　will　ensure　optimal　mechanism　of　rheology
betWeen　VariableS．
　　In　this　chapter，　the　relations　between　flocculated　structure　and　nonlinear　viscoelastic
properties　are　investigated　according　to　the　influence　of　the　oligomer　and　pigments．　In
order　to　investigate　the　effects　of　the　oligomers　and　carbon　black　on　the　flocculated
structure　and　nonlinear　viscoelast二c　properties　of　UV－curable　ink　suspensions，　I　carried
out　the　two　types　of　the　rheological　test　on　UV－curable　ink　dispersion　by　means　of　the
change　oftesting　temperature　ranging肋m　30℃to　60℃．
　　Since　carbon　black　particles　have　an　extremely　high　surface　act量vity　and　particles
absorb　vari　ous　substa皿ces　on　the　parti　cl　e　surface，　they　are　apt　to　agglomlerate　with　each
o止er　and　then　to　confb㎜血ee－dimensional　denser　network　struc血e．　Also血｛s
tendency　becomes　pronounced　With　decreasing　particle　diameter．
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2．Experimental
2．1Materials
　　The　pigment　powder　used　was　carbon　black，　which　is　used　fbr　fbu．r　types　of
UV－curable　ink　suspensions．　Physical　properties　of　the　carbon　black　are　shown　in　Table
1．Pre－polymers　of　polyester　acrylate　having　acrylate　group［Oligomer－1（LAROMER
PE55F，　Polyester　acrylate　type，　BASF　Japan　Co．，工TD．，　Japan），　Oligomer－II（Ebecry1
600，Bisphenol－A　epoxy　acrylate，　Daice玉一Cytec　Co．，　LTD．，」＆pan），0工igomer－III
（Beamset　505A－6，　Uretha難e　acrylate，　Arakawa　Chemical　Industries，　Ltd．，　Japali），
Oligomer－IV（Beamset　510，　Urethane　acrylate，　Arakawa　Chemical　lndustries，　Ltd．，
Japan）l　are　shown　in　Table　2，　and　the　apparent　viscosities　of　d童luted　solution（by
ACMO）of　the　oligomers　aτe　shown　in　Fig．2，　rnulti－fUnctional　monomer［Trimethylol－
propane　triacrylate　（TMPTA）］，　and　di－fUnctional　monomer　［Tripropyl　eneglycol
diacrylate（TPGDA）］were　used　as　curing　components．　Acryloyl　morpholine（ACMO）
and　2－hydroxypropyl　acrylate（HPA）were　used　as　diluting　agent　SIosperse3900
（Avecia　Co．）was　used　as　dispersing　agent．
Table　1．　Properties　of　pigments（Carbon　black）
Me御頗icle　size（㎜）Specific　Surfhce　area寧1DBP・bs。rpti。バzpH
pigment　I 24 110 100 35
pigment　II 24 115 66 3．0
pigme皿t　HI 40 56 73 3．0
pigment　rv 40 60 48 7．5
・1）N，ab・・甲ti・n　m・th・d，（m2／9）・2）Dib・取lph由・1・t・（DBP）・b・。rPti。・m・th。d，（・m3／エ009）
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Table　2．　Properties　of　the　oligomers
Mw
ﾓ
Functional　group申1Viscosity（Pa・s／25℃）T呂
Oligomer　I 1000 2 100－200 ■
01ig。mer　II1500－2000 2 20－40 67
01igomer　m2500 2 65 20
Oligolner　IV2700 Multi（unlmowll） 65 ＜20
＊1）A　number　o　f　acrylol　gr。up
25
20
15
10
5
◇
ACMO（20g）＋Oligomer（10g）
◇Oligomer　I
△Oligomer　il
XOligomer　IH
OOligomer　Atr
×O
8X
粟
0
35 45　　　　　　　55
丁emperature［℃］
65
Fig．2Apparent　viscosity　of　diluted　solution　of　the　oligomers　as　a
fUnction　of　temperat皿re　at　the　shear　rate　of　10　s’1（tested　temperature：
40℃，50℃，and　60℃，　diluted　solution⇒ACMO（20g）＋oligomer
（109））．
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Table　3．Foi7　nulatiolユs　of　ink　suspens圭ons
wt［％］
Pigments（fbur　types　of　caτbon　black）10．0
Oligomer（最）ur　types） 10．0
Multi－fUnctional　monomer 32．0
Di－fhnctional　monomer 32．0
Diluents 15．0
Dispersallts 1．0
2．2Preparation　of　UV－curable　ink　suspension
　　　Two　groups　（fbur　types，　according　to　the　variations　and／or　differences　of　the
formUlating　pigments　and　the　oligomers，　respectively）of　UV－curable　ink　suspensions
are　prepared　using　a　paint　shaker．　The　base　fbrmulations　tested　are　shown　in　Table　3．
Glass　bo廿1es　of血be　type（diameter：36．0㎜）。f　110ml　in　volume　were　used　as血11
vessels，　and　as　shaking　media；ceramic　balls（density：3．609／cm2）of2㎜in　di㎜eter
were　used．　The　materials　were　mixed　in　the　bottle，　and　milled　with　the　media　at　2　hours．
五：xperimental一ノ
　　The　UV－curable　ink　suspensions　are　prepared　using　the　fbur　types　of　the　oligomers　as
shown　in　table　2．　Pigment－II　was　used　only　fbr　this　test　in　order　to　make　the
formul　ations　for　the　all　kinds。fthe　UV－curable　inks．
Experim召ntal－∬
　　The　UV－curab正e　ink　suspensions　are　prepared　using　the　fbur　types　of　the　carbon
blacks　as　shown　in　table　1．　Oligomer－1　was　used　only　for　this　test　in　order　to　make　the
formulations　for’狽??@all　kinds　of　the　UV－curable　inks．
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2，3Evaluation　of　illk　sample
　　All　measurements　were　carried　out　using　a　Rheometrics　Fluid　Spectrometer（RFS－II，
Rlieometrics　Co．　Ltd．，　U、SA）with　a　couette－type　geometly．
1　perforrned　a正1　measurements　after　applying　a　steady　shear　at　10　s－i　for　600　se。　as　a
pre－she　ari　ng．　The　steady　sllear　measurements　were　perfbrmed　at　shear　rates　ranging
from　O．1　to　100　s－1．　The　frequency　dependence　of　storage　modulus　an、d／or　dynam量c
viscosity　was　measured　in　the　frequency　amplitUdc　region　between　O．1　and　100　rad／s　at
the　strain　range　at正％，　The　strain　dependence　ofthe　storage　modulus，　G’was　examined
in　strain　region　between　O。1％and　100％at　an　angular　frequency　l　rad／s，
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3．Results　and　Discussion
3．11nfluence　ofoligomers
3．玉．I　flow　propelties
　　As　far　as　the　influence　of　the　continuous　phase　is　concerned，　especially，
characteristics　of　oligomers　play　a　qu玉te　important　role　in　the　system．　Oligomer
characterist量cs　to　be　discussed　inciude　molecular　weight　and　glass　transition　temerature，
Tg，　molecular　weight　distribution　and　fUnctional　group　conten、t．　The　reason　that
molecular　weight　reduct圭on　helps　achieve　application　viscosity　at　high　solids　is　clarified
by　the　physical　description　of　fiow　ass。ciated　With　the　free　volume　concept．
102
　　　　　　10需低］b㎝の0おの
てoo
　　　lO－1
102
101
001
［。。
1　O－i
◇Oligomer　1　△Oligomer　n
O　Oligomer　M　　＞K　Oligemer　IV
loo loi
◇
（A）
30°C
102
粟△粂　△ ◇0闘gorner！
｢Oligomer冠
nOIigomer　m
wOIigomer　IV
◇　◇ △粟　△
（B｝
R0°C
◇ X　O
10邑1 　loo　　　　loi
Shear　rate　7［s－1］
lO2
Fig．3　The　Shear　stress　and　apParent　viscosity　as　a　fUllctioll　of　shear　rate　fbr
UV－curable　lnk　suspensions　with　Oligomers（01igomer－1，　II，　III，　and　IV）．
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　　Tb　investigate　the　rheological　behaviors　of　UV－curable　ink　suspension　induced　by
interfacial　interaction　between　the　pigment　and　the　continuous　phase，　I　prepared　fbur
types　of　UV－curable　ink　suspension　using　the　fbur　types　of　oligomers（oligomer－1，　II，　III，
amd・IV）．
Transient　network（Weak）
Transient　network（Strong）
　、、　　◆，、
　　　　の　　り　　1　　　　　1
　　ノ　　　　　　、、
　』、’一、軸■ノ
：　Assoc　i　at　i　ng　zone
　between　l　iquid　media
（A）Having　a　weak　internal　stress
（B）Having　a　strong　internal　stress
Fig．4Schematic　representation　of　transient　network　models　around　a　pigment
surface，　specified　by　two　different　relaxation　mechanisms．
　　Fig．3shows　plot　of　shear　stress　and　apparent　viscosity　against　rate　of　shear　fbr　the
UV－curable　ink　suspensions　using　the　fbur　types　of　oligomers（Oligomer－1，　II，　III，　and
IV），　respectively．　All・f　the　UV－ct｝rable　ink　suspensi・ns　that　were・nly　used止e
pigment－II　have　a　shear　thinning（pseud・plastic）behaVi・r　under　the　c・πesp・nding　rates
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」
of　sllear．　Because　the　viscosity　of　continuous　phase　with　four　types　of　oligmers　is
independent　of　shear　rate，　it　i　s　丘mportant　that　I　fbcus　on　the　contr童bution　of　the
interpa1寸icle　interaction　alld　flocculated　structure　ill　the　analysis　of　rheologica1
　　　　　　のpropertles．
　　Also　I　fbund　out　that　the　form　of　ge互structure　is　obtained　by　the　add量tion　of　high』
concentrations　of　carbon　black　in　the　continuous　phase　of　liquid　mediurn（oligomer
melts）．　In　the　system　having　a　three－dimensional　structure　caused　by　the　characteristics
of　carbon　l〕lack　as　shown　in　table　3，　the　structure　is　fbrmed　by　chain　of　the　particles，
although　the　fbrmation　of　polylner　bridges　by　adsorption　on　adjacent　particles　is　an
additional　possibility．
It　ls㎞own　that　the　gel　can　be　fb㎜ed　in　solution　in　two　way：ei血er　by　contacting　the
cross－liked　solid　with　a　suitable　solvent，　which　is　then　taken　up　by　the　solid　by　the
process　of　swelling，　or　by　cross－liliking　molecules　already　in　so1ution．
3。1．2Frequency　Dependence　of　Storage　Modulus　G’，　Dynamic　Viscos呈ty（η’），　and　Tan
Delta（δ）
　　The　frequency　dependence　of　storage　modulus（G’）fbr　UV－curable　ink　suspension　at
the　strain　amplitude　of　l．0％in　Fig．5shows　that　dynamic　results　of　UV－curable　ink
suspension　are　independent　to　the　viscosity　of　oligomers　as　shown　in　Fig．3．
　　It　is　evident　that　the　diff6rence　in　the　results　of　G’is　closely　related　to　the　different
deforrnation　tensors　of　the　filled　polymer　rnatrix，　the　properties　of　which　seem　to　be
related　to　the　attraction　fbrce　expressed　by　such　te］㎜s　as　Tp　andτs，　between　associating
polymer　melts　in　the　tube　zone，　as　shown　in　Fig．4．　In　deed，　it　is　considered　that　the
results　of　G’，　dynam量c　viscosity（ηり，　and　tan　delta（δ）are　re董ated　to　the　molecular　weight
of　oligomer　and　Tg．　Since　the　moleculaエweight　of　oligomers　is　s量nlilar，　it　seems　that　the
characteristic　such　as　the　glass　transition　temperature（Tg）and釦nctional　group　content
have　an　irnportant　role　as　a　main　factor　in　relation　to　the　rheological　properties　of
UV－curable　ink　suspension，　especially　change　of　tan　delta（δ）・
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Fig．5Frequency　dependence　of　storage　modulus，　dynamic　viscosity，　alld　Tan
delta　fbr　UV－curable　ink　suspension　with　oligmers（oligomer－1，　II，　III　and　IV）at
strain　aniplitUde　of　1・0％・
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3⊥3Strain　dependence　of　storage　modulus　G’
　　Fig．6（A）shows　the　strain　dependence　of　storage　modulus（G’）for　UV－curable　ink
suspension　at　the　strain　alllplitude　of　1・0％・In　the　small　straiII　region，　the　results　are
shown　that　G，　is　more　related　the　molecular　weight　of　oligomer　than　the　v董scosity　of
that．　As　far　as　the　comparison　of　the　inks　between　using　oligomer－II　and　using
oligomer－IV　is　concemed，　it　is　necessary　to　investigate　the　influence　of　the　glass
transition　temperature（Tg）and　functioエ1a1　group　content　of　o　ligomer．
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Fig．6Strain　dependence　of　elastic　modulus，　dynamic　viscosity　n，，　aエid　Tan　delta
fbr　UV－curable　ink　suspension　with　oligomers（oligomer－1，　II，　III，　and　IV）at
f士equency　amplitude　of　1．O　rad／s．
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　　Also　it　seems　that　the　characteristics　have　an　important　role　as　a　main　factor　in
relation　to　the　both　properties　of　continuous　phase　and　reduction　and／or　increment　of
interParticle　strength　against　the　change　of　the　strain．
　　In　high　strain　region　ranging　f士om　100to　102，　tan　deIta（δ）of　UV－curable　ink
suspension　using　oligomer－III　have　a　different　tendency，　the　curve　of　tan　delta（δ）rise
up　rapidly，　when　I　compare　with　others．　It　is　oonsidered　tllat　the　UV－curable　ink
suspension　using　oligomer－III　seems　to　have　a　dissimilar　response　and／or　tensor　of
intemal　structure　against　the　increment　of　strain，　as　shown　in．　Fig．6（B）
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3．21nfluence　of　carbon　black
　　To　effective　explanations　conceming　the　difference　of　rheological　properties　of
UV－curable　iIik　suspension　caused　by　characteristics　of　pigment　properties，　fbur　types
of　UV－curable　ink　suspension　were　classified　as　the　two　groups　such　as　group　A　and
group　B，　according　to　the　similar　tenden、cy　of　rheological　properties．　Group　A　contaln
the　inks　using　pigrnent－1　and　II，　and　group　B　contain　the　inks　using　pigment－III　and　IV．
3．2．1Flow　properties
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Fig．7　The　Shear　stress　and　apParent　visc。sity　as　a　imcti・n・f　shear　rate　for
UV－curable　ink　susp　ensions　With　Pigment－I　and　III・
　　As　far　as　the　influence　of　the　continuous　phase　is　concerned，　especially，
characteri　stics　of　oligomers　p　lay　a　quite　important　role　in　the　system・
　　Ifind　out　that　UV－curable　ink　suspension　have　two　rheological　tendencies　according
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to　the　characteristics　of　pigments　used　in　this　experiment．　Because　the　diluted　solutio且
・f・1ig。mer－l　using　ACMO，　as　sh・wn　in　Fig・8，　have　a　decreasing　tendency・fvisc・sity
against　the　increment　of　temperature，　it　is　necessary　that　I　fbcus　on　the　contributio！ユof
the　interparticle　interaction　and　floccul　ated　structurc　in　the　analysis　o　f　rheologica1
　　　　　　　propertles・
　　Fig，7shows　the　shear　stress　and　appat’ent　viscosity　as　a　fumction　of　shear　rate　fbr
UV」curable　ink　suspensions　with　Pigment－I　and　III，　which　are　representative　of　two
gr・ups，　gr・up　A㎝d　gr・up　B，　respectively・　lnk　suspensi・ns　using　Pigment－l　have　a
shear・thi血ng　behavi・r　against　the　rate・f　shgar・　Als。　UV－curable　ink　suspensi・n　using
　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　’pigment－I　shows　the　increasing　tendency　of　viscosity　and　shear　stress　ln　proportlon　to
the　increment　of　temperature．　It　means　that　three－dimensional　network　structロre　of　the
ink　suspensi・n舳pi即ents　in　g・up　A　is　increased　m・re　and　m・re　and　their
interactions　has　become　strong　in　proportion　to　the　temperature．
　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　ロ　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　．　　Ihk　suspensions　with　Pigmellt－III　also　have　a　shear　thinning　behavior　in　some　reglons
of　low　shear　rate　ranging　from　10層l　to　100　at　50℃，60℃．　But　it　considered　that　ink
suspensi・ns　with　Pigment－III　has　a　weak　interacti・n　between　c・mp・nents　than
compared　with　inks　of　group　A．
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Fig．8　Apparent　viscosity　ofthe　diluted　solution　of　the　oligomer－I　as　a
fi」nction　of　shear　rate（tested　f士om　40℃to　60℃）．
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3．2．2Properties　of　frequency　Dependence
　　UV－curable　ink　suspension　with　pigt〕ユent－1，　II　shows　the　increasing　tendency　of
elastic　modulus，　G’against　dependence　of　ffequency．　The　curves　are　shifting　an　upward
tendency　in　proportion　to　the　increment　of　temperature．　But　they　have　a　dissimilar
results　of　elasti　c　modulus　G’　in　the　shifted　pattem　of　the　plot　curve，　as　shown　in　Fig．9．
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Fig．9Frequency　dependence　of　storage　modulus　G’fbr　UV－curable　ink
suspension　with　pigr［1ent－I　and　II　at　a　strain　an1Plitude　of　1・0％・
　　Iconsider　that　the　unlike　results　of　elastic　modulus　G’between　two　ihks　are　caused
by　little　dissimilar　characteristic　of　the　pigments，　as　shown　in　table　1．Also　I　conclude
that　the　result　are　related　to　the　difference　of　interfacial　attraction　of　inl（depends　on　the
aggregate　structure　o　f　pigment．
　　The　group　A　of　pigments（pigment－1，　pigment－II）have　different　di－butyle　phthalate
①BP）absorption　rate，　which　property　is　proportion　to　the　void　volume　of　aggregated
stmcture　of　pigment．　So　they　made　a　little　dissimilar　three－dimensional　structure　alld
also　have　a　little　different　response　of　interfacial　interaction　between　Plgrnents　agalnst
the　dependence　of丘equency　at　strain　amplitude　LO％，　with　the　rise　of　temperature
ranging　fヒom　30℃to　40℃量n　their　system．
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Fig．10　Frequency　dependence　of　dynamic　viscosityη’
piglnent－I　and　II　at　a　strain　amplitUde　of　l・0％・
fbr　UV－curab正e　ink　suspension　with
　　Fig．10　show　the　frequency　dependence　of　dynamic　viscosityη’at　the　strahn
amplitude　of　1．0％．　In　Fig．10（A），　the　result　ofη’fbr　ink　using　pigment－I　are　shear
thirming　behavior　with　the　rise　of　angular　f｝equency．　Also　the　curve　is　shifting　upward
in　proportion　to　the　increase　of　temperature・
　　1ロthe　contrary，　the　result　of　dynamic　viscosityη’fbr　UV－curable　ink　suspension
using　pigment－III　have　a　weak　tendency　of　shear　thinning　behavior　as　shown　in　Fig．10
（B）．Also　the　curve　is　not　shifting　upward　in　proportion　to　the　increase　of　temperature．　lt
seems　that　the　result　i　s　caused　by　reduction　of　strength　of　structUral　netWorks．
　　In　the　temperature　re　gion　ranging　from　50℃to　60℃，the　curve　of　dynami　c　viscosity
UV－curable　ink　suspension　using　pigment－III　are　f1rstly　sho㎜＆thixotrophy　in　low
倉equency　region，　and　then　UV－curable　ink　suspension　have　a　rheopexy，　the　curve　are
shif廿ng　upward．　It　is　co　nsidered　that　the　density　of　structUra1　netWork　may　be　reduced，
but　have　not　been　completely　destroyed．
3、23Properties　of　Strain　Dependence
　　The　equilibrium　value　ofη’，　wllich　is　independence　of　str盆in，　is　attributed　to　the
relaxation　processes　in　the　existing　network　structure　fornied　by　dispersed　particle，　The
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straill　dependence　of　dynamic　viscosity　value　can　be　explailユed　by　the　breaking　down
and／or　build－up　of　the　interp　aticle　network　structure，
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Fig．11　Strain　dependence　of　dynamic　viscosityη’for　UV－curable　ink　suspension　with
pigme皿t－ll，　m，　and　IV　at　frequency　arnplitUde　of　1．O　rad／s．
　　In　Fig．11，the　strain　dependence　ofη’at　the　various　temperatures　are　illdicated．　In　the
strain　region　smaner　than　10％，　the　result　of　dynamic　viscosityη’fbr　UV－curable　ink
suspensio皿．　using　pigment－II　gradually　hlcrease　with　the　rise　of　strain　amplitude　and　the
plot　curve　are　shifted　upward　in　proportion　tQ　the　increment　of　temperature　as　shown　in
Fig．11（A）．　I　considered　that　the　deエlsitY　of　structural　networks　may　be　increased
against　strain　amplitude　tilhhe　10％．　And　then　the　structural　networks　are　gradually
breaking　down　in　the　strain　region　lager　than　10％・
　　In　the　contrary，　the　result　of　dynamic　viscosityηうfbr　UV－curable　ink　suspension
using　Pigment－III　against　s廿a加a皿plitUde　have　a　weak　tendency・f　shear　thiming
behavi。r　in　l。w　strain　regi・n　ranging　fr・m　10－l　t・10°，　as　sh・wn　in　Fig・11（B）・Als・
the　curve　i　s　not　shifting　upward　in　proportion　to　th、e　increase　oftemperature．
In　the　strain　region　ranging丘orn　l　O　o　to　102，　the　curve　of　dynamic　viscosity　UV－curable
ink　suspension　using　Pigment－III　are　show　li　a　rheopexy，　the　curve　are　little　shifting
upward．
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　3．31nfluence　of　interaction　acting　on　the　pigrnents
　　　Because　the　diluted　solution　of　oligomer－I　using　ACMO，　as　shown　in　Fig．8，　have　a
decreasing　tendency　ofvisco　sity　against　the　increment　of　temperature，　it　is　natural　that　I
　fbcus　on　the　contr量bution　of　the　interpart至cle　interaction　and　fiocculated　structure　in　the
　analysis　of　rheological　properties．　Also　I　find　out　that　UV－curable　ink　suspension　have
two　rheological　tendencies　according　to　the　properties　of　pigments，　as　shown　in　Figs　7，
．　9，10，and　11．
3，3．1flow　properties
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Fig．12　The　shear　stress　and　apparent　viscosity　as　a　fUnction　of　shear　rate　for　the　HPA
dispersion　with　the　pigment．
The　phenomenon，　which　curve　s　are　shifting　an　upward　tendency　in　proportion　to　the
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increment　of　temperature，　has　a　build－up　structure　of　carbonも1ack　in　the　system，　as
shown　in　Figs　7（A，　B），9（A），10（A），　and　11（A）．
　　　There　aエe　three　mechanical　reasons　to　be　considered．　First　one　is　seems　that　just　due
to　the　properties　of　pigments．　The　second　re尋son　might　be　caused　by　the　properties　of
the　polymer　medium．　Fina11y，　the　third　that　I　could　be　thinks，　more　strong　interfacia玉
in・teraction　caused　l〕y　between　pigments　was　made　due　to　the　increasing　networking
strength　by　an　absorbing　structure　with　01igomer　nユelt　in　the　concentrated　system．
　　To　confirm　the　possibility　that　the　f宝rst　and　third　mechanical　reason　in且uence　or　not
into　the　system，　I　made　a　fbur　type　of　HPA　dispers1on（10％）just　using　pig血ent－1，　II，　III，
and　IV．　Aild　we　ca∬ied　out　steady　and　dynamic　measurements．
　　As　I　might　not　be　expected，　overall　HPA　dispersions　with　pigments　were　shown
shear－thiiming　behavior　as　the　shear　ra重e　is　increased　as　shown　in　Fig　12（B，　D）．　A玉so
build－up　stnユctures　of　carbon　black　were　not　appeared　in　the　system　in　proportion　to　the
increment　of　temperatUre　increasing　range　from　30℃to　60℃．
　　However，　I　bel1eved　that　the　first　of　mechanical　reasonL　are　rel　ated　to　the　rise　of
build－up　stmctures　in　proportion　to　the　increment　of　temperature．　I　considered　that　if
build－up　structures　of　carbon　black　may　be　very　weak，　so　it　was　difficult　to　keep　fhe
structures　against　the　intemal　stress　under　the　rate　of　shear　acting　continuously　oll
one－direction，　buiId－up　stmctures　of　carbon　bIack　could　not　apPeared　to　the　change　of
temperature　lncreasing　range丘om　30℃to　60℃．　A1so　it　is　reasollable　to　carry　out
dynal皿ic　tests．
3．3．2Properties　of　f士equency　dependency
　　Frequency　dependence　of　storage　modu正us，　G’and　dynamic　viscosityη’for　HPA
dispersiom舳the　pigment　at　sOal且amplitude　of　LO％as　shown　in　Fig．13．
　　Imight　b　e　expected，　build－up　structures　of　carbon　black　were　appeared　in　proportien
to　the　rise　of　temperature　ranging　from　30℃to　60℃in　the　system（HPA　With
pigment－1）．　The　relation　indicated　that止e　main　reason　of　build－up　structures　in　the
system　is　due　to　the　properties　of　pigments，　as　shown　in　Fig．13（A，　B）．　Overa1正HPA
dispersions　With　pigments　were　shown　shear－thinning　behavior　ef　dynaniic　viscosity
against　frequency　amplitude　at　strain　arnplitude　of　1．0％．
　　On　the　other　hand，　HPA　dispersion　of　the　pigment　using　Pigment－III（pigment－rV
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have　a　similar　tendency）is　not　considered　to　form　a　stnエcture　in　proportion　to　the　rise
temperature，　as　showii　in　Fig．13（C，　D＞Also　the　result　indicated　that　pigment－III　are
not　built　a　dimensional　structure　or　may　have　a　very　weak　strength　between　pigments．
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Fig．13　Frequency　dependence　of　storage　modulus，　G’and　dynamic　viscosityη’fbr　HPA
dispersion　with　the　pigment　at　strain　amplitude　of　1．0％．
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4．Conclu［s量o皿s
4．1．hユfluence　of　oligomers
　　The　frequency　dependence　of　storage　modulus（Gりfbr　UV－curable　ink　suspension　at
the　strain　amp重itude　of　1．0％in　Fig．5shows　that　dynamic　results　of　UV－curable　ink
suspension　are　independent　to　the　viscosity　of　oligomers　as　shown　in　Fig．3．　Also　it　is
considered　that　the　results　of　G’，　dynamic　viscosity（η’），　and　tan　delta（δ）are　related　to
the　molecular　weight　of　oligomer　and　Tg．　Since　the　molecular　weight　of　oligQmers　is
similar，　it　seems　th、at　the　characteristic　such　as　the　glass　transition　temperature（Tg）and
fUnctional　group　content　have　an　important　role　as　a　main　factor　in　relation　to　the
rheological　properties　of　UV－curable　ink　suspension，　especially　change　oftan　delta（δ）．
4．2．Influence　of　carbon　black
　　Ifind　out　that　UV－curable　ink　suspensions　have　two　rheological　tendencies．
UV－curabIe　ink　suspen、sion　using　pigment－I　shows　the　increasing　tendency　of　viscosity
and　shear　stress　in　proportion　to　the　increment　oftemperature．
　　UV－curable　ink　suspension　with　pigment－1，　II　shows　the　increasing　tendency　of
elastic　modulus，　G’against　dependen、ce　of　frequency．　The　curves　ai・e　shifting　an　upward
tendency　1n　proportion　to　the　increment　of　temperature．　But　they　have　a　dissimilar
results　of　elastic　modulus　G’in　the　shifted　pattern　o　f　the　plot　curve，　as　shown　ln　Fig．9．
　　1　consider　that　the　unlike　results　of　elastic　modulus　G’　betWeen　tWo　inks　are　caused
by　little　dissimilar　characteristic　of　the　pigments，　as　shown　in　table　l．　The　group　A　of
pigments（pigment－1，　pigment－II）have　different　di－butyIe　phthalate（DBP）absorptien
rate，　which　prop　erty　is　proportion　to　the　void　volume　of　aggregated　structure　of　pigment．
So　they　made　a　little　dissimilar　three－dimensional　structure　and　also　have　a　little
different　response　of　interfacial　interaction　betWeen　pigments　against　the　dependence　of
丘equency　at　strain　amplitude　1．0％，　With　the　rise　of　temperature　ranging　fヒom　30℃to
40℃in　their　system．
　　In　Fig．11，the　strain　dependence　ofη，　at　the　various　temperatures　are　indicated．　In　the
strain　region　smaller　than　10％，　the　resu．lt　of　dynamic　viscosityη’fbr　UV－curable　ink
suspension　using　pigment－II　gradually　increase　with　the　rise　of　strain　amplitUde　and　the
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plot　curve　are　shifted　upward　in　proportion　to　the　increment　of　temp　eratUre　as　shown　in
Fig．11（A）．
4．3．Influence　of　interaction　acting　on　tlユe　pigrnents
　　Build－up　structures　of　carbon　black　were　appeared　in　proportion　to　the　risc　of
temperature　ranging　from　30℃to　60℃in司出e　system（HPA　with　p量gment－1）．　The
relation　indicated　that　the　main　reason　ofもuild－up　structures　in　the　system　is　due　to　the
properties　ofpigments，　as　shown　in　Fig．13（A，　B）．
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Chapter　V
Relationsh．ip’betWeen　Printability　and
Rheologica1　Properties　of　UV　Flexo　lnk
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Abstract
　　Iinvestigated　the　relationship　between　printability　and　the　rheological　properties　of
UV　flexographic（flexo）iliks．　UV　flexo　suspensions　of　carbon　black　in玉iquid　mLedium
containing　va1’ious　binding　materials　such　as　acylate　pre－polymer，　di－／multi－ftnctional
monomer，　and　diluents，　were　used　as　components　within　sample　inks，　Using　a
rheometer，　the　ir〔ks　were　then　characterized　using　a　rheometer　in　tei7ms　of　their　steady
and　dyn　alnic　behaviors．
　　Tb　understand　the　rheological　properties　of　UV　flexo　inks，　it　is　necessary　to
detel皿1ine　the　specific　rheological　properties　of　the　ink　suspension　a皿d　clarify　the
chemical　and／or　physical　interactions　of　co皿po1ユents　within　the　ink（pigments，
fUnctional　monomers，　and　pre－polymers）．　As　a　first　step，　I　evaluated　the　influence　of　the
multi－fUnctional　monomers　on　ink　rheology；rheological　results　were　then　compared
using　printing　tests　to　dete㎜ine　the　relationship　between　printability　and　the
rheological　properties　of　the　ink．
　　Iconclude　that　the　two　types　of　transfening　behaviors，　anilox　and　roll　trallsference，
are　related　to廿le　rheological　properties．ofUV　flexo　ink．　Thi　s　finding　will　prove　useful
in　understanding　and　managing　the　printability　of　UV　flexo　ink　’
1．Introductio皿
　　The　use　of　UV　curing　has　increased　at　an　unprecedented　rate　in　recent　years．　This
teohIiology　is　already　well　established　ill　the　publishing　and，　in　paiticular，　in　the
packaging　sectors　of　the　graphic　art　industry．　TraditionaI　acry1　ate－based　products　have
dominated　thLe　in、dustry　since　UV－curing　technology　was　first　introduced　in　the　late
1960s．　The　Iatest　trends　in　the　free－radical　polymerization　of　acrylates　in　the　field　of
Graphic　Ait　are　low－odor　products［1］．
　　These　VOC（volatile　organic　compollents）一丘ee　systems　offer　very　low　odor　alld
performance　characteristics　that　typically　produce　100％energy－curable　products　at　a
low　film　thic㎞ess．　The　recently　intreduced　UV　fiexogl’aphic　printing　has　demonstrated
super三〇r　printability，　including　faster　press　speeds　and　the　outstallding　Physical
propelties　required　fbr　various　packaging　apPlications・
Despite　the　undertaking　of　a　number　of　rheological　studies　over　ma　ny　yeat’s，　it　is　stiIl
not　possible　to　precisely　state　which　characteristics　that　provide　tlle　optimal　printing
qualities　of　UV　flexo　ink；however，　printability　is　known　to　be　closely　related　to　the
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